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VABSTRACT
We have investigated self-focussing of a laser beam 
in a laser-produced plasma, exploring the possibility of 
using the phenomenon as a technique to generate very high 
laser flux densities within a plasma. Using a modified 
version of Siegrist's TRSF computer program we have 
studied the variation of the self-focussing threshold as 
a function of several laser and plasma parameters particu­
larly those affecting the peak intensity achievable in the 
self-focussing filament, namely, laser pulse duration, 
plasma temperature, ionic charge, plasma density and size.
We describe the design and operation of a Q-switched 
Nd-Yag oscillator which, used in conjunction with the ANU 
SPL laser system, provides a laser pulse meeting the re­
quirements indicated by the computer simulations. We have 
carried out experiments in which the plasma parameters 
closely matched those which, according to our calculations, 
resulted in a low threshold for self-focussing. When the 
predicted threshold was exceeded we have observed an in­
crease in the divergence of the light transmitted through 
the plasma and filamentary structures in the X-ray 
emission from the plasma. Both effects can be explained 
as the result of self-focussing.
vi
The diameter of the filament was estimated to be 
^ 3 ym, i.e. one fifth of the initial spot diameter.
vii
TABLE OF CONTENTS
Page
Acknowledgements • iii
Abstract v
Introduction 1
Chapter 1. THEORETICAL BACKGROUND
1.1 Self-focussing of a Laser Beam in a 6
Plasma Due to the Ponderomotive
Force and Relativistic Effects.
Chapter 2. COMPUTER SIMULATIONS OF SELF­
FOCUSSING OF A LASER PULSE IN A 
MULTIPLY IONIZED, ABSORBING PLASMA.
2.1 Definition of the ’Efficient Self- 17
Focussing" Threshold.
2.2 Effect of The Pulse Duration on the 23
esf Threshold.
2.3 Effect of the Plasma Temperature on 26
the esf Threshold.
2.4 Self-focussing in Multiply Ionized 30
Plasmas.
2.5 Transient Self-focussing in Multiply 34
Ionized, Absorbing Plasmas.
2.6 esf Threshold as a Function of the 40
Plasma Density.
2.7 Variation of the absorption 43
coefficient with temperature in the
case of multiply ionized plasmas.
2.8 Conclusion. 46
Chapter 3. THE LASER
3.1 The SPL laser. 51
3.2 Considerations on the Pulse 53
Tailoring Techniques.
3.3 The Q-Switched Oscillator. 56
3.4 Estimate of the Relative Jitter 61
Between the Two Oscillators.
3.5 Experimental performance. 65
Chapter 4. EXPERIMENTAL INVESTIGATION OF SELF­
FOCUSSING IN A LASER PRODUCED PLASMA.
viii
Page
4.1 Choice of the Lay-out of the 
Experimental Apparatus.
70
4.2 Ray Tracing in a Plasma Having a 
Linear Density Gradient.
72
4.3 Properties of a Thin Foil Target. 75
4.4 Experimental Apparatus. 80
4.5 Temperature Measurements. 83
4.6
1
Angular Distribution of the 
Transmitted Light.
91
4.7 Evidence of Self-Focussing From 
x-ray Photography.
98
4.8 Tests with the Tailored Pulse. 109
4.9 Conclusion. 110
Chapter 5. CONCLUSION
5.1 Summary of the results reported. 112
5.2 Suggestions for future work. 114
References 117
Appendix 122
1INTRODUCTION
The work described in this thesis is part of a compre­
hensive study of the self-focussing of intense laser pulses 
of nanosecond duration or shorter in dense, laser produced 
plasmas, suggested by Dr. J. L. Hughes in 1970, and pursued 
by several members of the Laser Physics Group, Department 
of Engineering Physics at the Australian National University 
since 1974.
Self-focussing of a laser beam in a plasma occurs when 
the intensity of the beam is sufficiently strong to modify 
the plasma refractive index. This topic is of considerable 
interest, not only because of the important physics in­
volved but also because the process has the potential to 
enhance the laser beam intensity within the plasma, since 
self-focussing may concentrate the laser radiation into a 
filament whose diameter approximates the laser wavelength 
(v 1 ym in the case of a Nd laser). Such a focussing 
mechanism might be more effective than direct lens focuss­
ing in achieving high beam intensities, a prospect of con­
siderable interest to a medium sized research group 
which does not have access to very powerful lasers such as 
those available in the major laboratories.
The achievement of very high laser flux densities such 
as might be realisable in a self-focussed filament was
2considered to be important from the viewpoint of non­
linear optical effects such as electron-positron pair 
generation [Hora et al. 1974] as proposed by Bunkin 
et al. in 1971 and subsequently discussed by Shearer 
et al. in 1974. If very high intensities of laser 
light could be achieved within the filaments, condit­
ions should be realised whereby radiation pressure 
effects would exert a large force on the ionized 
particles due to the strong field gradient associated 
with the filament [Hora 1969]. It has been suggested 
(see, for example, Boreham et al. 1978) that this 
force could lead to the ejection of all charged 
particles from a small volume of space creating an 
absolute vacuum. This is an essential pre-requisite 
for the study of photon-photon interactions, in 
particular, the search of photon collective, and 
photon stability effects proposed by Hughes [1963,
1967 , 1971, 1978] .
On the other hand, self-focussing could arise 
as a problem in laser fusion experiments where filamen- 
tation of the beam could adversely affect the uniformity 
of the irradiance of the nuclear fuel pellet. In 
contrast with self-focussing in solids or liquids, self­
focussing in a plasma has not been extensively studied 
experimentally and few attempts have been made to compare 
experimental observations of what appeared to be self­
focussing [Alcock et al.1969, Yamanaka et al.1973,
Johnson et al.1974, Alcock 1972, Cohn et al.1974,
3Haas et al.1976, Donaldson et al.1976) with independent 
theoretical studies which were being carried out during 
the same period. [Hora 1969, Palmer 1971, Kaw et al.
1973, Sodha et al.1974, Shearer et al.1973, Max et al.
1974, Hora 1975, Siegrist 1976, 1977, Hora et al.1977.] 
As a result, evidence of self-focussing has remained 
somewhat vague and the phenomenon has been more often 
suggested as a possible cause of anomalies observed in 
laser-plasma interactions than studied in its own right.
It has been the purpose of this work to match 
theoretical and experimental studies so that a more 
positive interpretation of any effect observed in the 
course of the experiments can be made. Theoretical work 
on self-focussing was begun at the ANU in September 
1974, when, following contacts between Dr. J. L. Hughes 
and Professor H. Hora, the latter visited the Depart­
ment for a period of two months. During this period 
he extended the self-focussing studies that he had 
pioneered at Garching in 1968-69 [Hora 1969, 1975]. In 
October 1974, Dr. M. R. Siegrist became involved in 
the research and by the time he left the ANU in 1976, 
had established the initial theoretical basis from 
which the present work has evolved. At the same time, 
preliminary experimental studies in which a high Z
target was irradiated in a normal direction by a 25 ps
15 -2laser pulse with a flux density up to 10 W cm 
revealed effects which could be qualitatively explained
4in terms of self-focussing [Luther-Davies et al.1976, 
Siegrist et al.1976, Luther-Davies et al.1977]. Some 
experiments directly aimed at detecting self-focussing 
of a pulse propagating through a dense plasma parallel 
to the target surface were attempted by the author in 
early 1976, but it soon became clear that the small 
size of the plasma being investigated required an 
accuracy of alignment that could not be achieved with 
the facilities available at that time.
During 1975, Siegrist's major contribution was the 
development of a comprehensive computer code which he 
called TRSF (for Time Resolved Self-focussing)[Siegrist 
1977, Siegrist et al.1976]. However, before he left 
the ANU, he did not have time to use the code extens­
ively to predict self-focussing behaviour. This task 
was, therefore, transferred to the author and, since 
experimental work was delayed, pending the re-assembling 
of the SPL laser system in its present location, the 
investigation of self-focussing by computer simulation 
became a significant part of the work for this thesis* 
(Chapter 2). During this work the original TRSF pro­
gram was modified to make it applicable to the case of 
multiply ionized plasmas. Some of the results obtained 
have been published in the literature [DelPizzo et al. 
1977 , 1979a]. The computer simulations also suggested
*The computer program itself, however, is not to be 
considered part of this thesis.
5that a particular form for the laser pulse was re­
quired in order to achieve a high intensity within 
the filament. This led to the development of a novel 
pulse tailoring technique for use with the ANU SPL 
laser facility [Luther-Davies et al.1979] which is 
described in Chapter 3 of this thesis. In Chapter 4 
experiments are described in which the laser and 
plasma parameters for which self-focussing had been 
predicted by TRSF were closely reproduced. These 
experiments provided evidence of self-focussing in good 
agreement with the theoretical calculations [DelPizzo 
et al. 1979b] and offer an encouraging basis for 
further pursuit of the experimental research, first 
towards a more complete understanding of the phenomenon 
and eventually to assess its importance in the study 
of non-linear effects in plasmas.
6CHAPTER 1
THEORETICAL BACKGROUND
1.1 Self-focussing of a Laser Beam in a Plasma Due
to the Ponderomotive Force and Relativistic Effects
Self-focussing of a laser beam has been observed and
thoroughly studied in solids and liquids. Self-focussing
is due to the presence of an intensity-dependent component
in the refractive index n of the material [see, for example,
Svelto 1974]:
n = nQ + k(I) (1.1.1)
In the case of a beam having a bell-shaped profile, posi­
tive lens-like properties are induced within the medium if 
the term k(I) is not negligible compared to the low in­
tensity value of the refractive index nQ.
In the case of the plasma the refractive index n can 
be written (when v ^  << oo ) as:
n = >' 1 - N/Ncr (1.1.2)
where N is the plasma electron density and Ncr is the 
plasma critical density:
Ncr = m(a)2 + Vgff) / 4ire2 (1.1.3)
with being the effective collision frequency, a) the
laser frequency, m and e the electron mass and charge
7respectively.
The intensity dependence of the refractive index
*can be caused by two mechanisms , one acting to vary Ncr 
and the other N. The first arises due to the motion of 
the electrons oscillating in the electric field, E, of 
the electromagnetic wave [Hora 1975, Max et al. 1974]. If 
the field intensity is very high the electrons will ex­
perience a relativistic increase in their mass and the 
value of the plasma critical density will be modified 
according to the relation
NcrSl* = Ncr°n rel* (1 + y<E]2> ) 2 (1.1.4)
2 2 2 2with Y = 2e / (m w c ). (The symbol < > denotes averaging 
over one optical cycle). For a bell-shaped beam the rela­
tivistic correction tends to change the value of the 
refractive index across the beam in a manner which is 
favourable to self-focussing. The other possible cause 
of self-focussing is a macroscopic movement of the plasma 
away from the region where the beam is most intense. This 
perturbation is a consequence of the ponderomotive force, 
that is, the field gradient force in the laser beam acting 
on the charged particles of the plasma. The ponderomotive 
force can be derived from the Lorentz force acting on a 
single electron in a travelling electromagnetic wave. The 
following derivation is based on that of F.F.Chen [1974], 
However, in this derivation we will use a travelling wave
* A third mechanism, self-focussing through the heating of 
carriers[Sodha et al. 1974] is not studied here because 
the plasma response time to this mechanism is too long com­
pared to the interaction times in which we are interested 
( < 10ns).
equation, rather than a standing wave, to describe the 
electric field. If we describe the electric field
8
polarized along the x axis and propagating in the z 
direction with the equation
E = E cos (oot - kz) *u (1.1.5)x o x
8 Bwe have from the second Maxwell equation VxE = - :
X 0
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9B 9E
______Z  - X
a t 9z
9B 9Ez X
a t 9y
Integrating with respect to 
values of B
(1.1.6x)
kEQ sin(wt - kz) (1.1.6y)
tg
= E cos(ü)t - kz) (1.1.6z) 9y o
time we have the lowest order
B (o) = 0 (1.1.7x)X
ß(°) = — E cos(mt - kz) = — E (1.1.7y)y u) o a) x
B^°^ = — E sin(wt - kz) (1.1.7z)z a) 9y o
In the first approximation the electron oscillates along 
the electric field with a velocity given by
v (°) = - —  E sin(a)t - kz) .u (1.1.8)mw o x
and the corresponding displacement of the electron is
x (t)
mu)
cos (cot - kz) ,ux (1.1.9)
9If the electric field intensity is radially non- 
uniform the electron will experience a variable force 
during its movement. The electric field along the 
electron path is given by
E (r) x <ro> +
- >. uX (1 .1 .10)
where rQ is the initial position of the electron. We can 
substitute the first order solution into the complete 
expression of the Lorentz force: f = e[E + v x B]
mav (1 )
at -e E (r) + (r) - (r)x y Z z y
m3v (1 )
at
-e
-e
E (r ) + — Tr E cos(üüt - kz) .—  E cos(o3t - kz)X O _ Z o X omo3
(1.1.llx)
v (o)B to) (r) - v (0)B (0) (z)Z X X z
-e —  E sin (u)tmoj o kz) .— tt“ E sin(o)t - kz) 00 3y o
(1.1.lly)
m3v (1 )
at -e
v (o)ß (o) ^  _ v (o)ß (o) 
x y y x
+e
0
—  E sin(o)t - kz) .— E cos (cot m03 O 03 o - kz)
(1.1.llz)
The terms of the type E(z,t) E(z,t) can be written as
[E(z , t) ] 3x (1.1 .12)
After averaging over one cycle the terms of the type
10
E sin(wt - kz) and E2 sin (wt - kz)cos(o)t - kz) disappear
while the terms of 
We have then:
the type (E sin (wt - kz) ) 2 2become ^E
m3v(1)X 2e 9 <e 2> (1.1.13x)9t 2moo2 9x
n>3v(1)y 2e 9 <e 2> (1.1.13y)at 2mo)2 9y
m9v (1 )
(1.1.13z)
According to our derivation the ponderomotive force is 
radially uniform and independent on the plane of polariz­
ation. This derivation differs from those assuming the 
electromagnetic wave to be stationary in the form of the 
component along the z axis which in that case is of the same 
form of those along the x and y axes.
The radiation force per unit volume is obtained by multi­
plying the force acting on a single electron by the electron 
2 2density N = wp m/4 7re (where w is the plasma frequency) :
PM
u)2mP
4 ire'
2U)_E
2
2mu)'
grad <E >
grad <e 2> (1.1.14)
U)
It should be emphasized at this point that the same deriv­
ation for the ponderomotive force can be repeated for the 
ions. The resulting force has the same direction as that 
acting on the electrons, but the intensity differs by a
11
2 pQfactor q ^ where M is the ionic mass and q the ionic
_3charge. The value of this ratio is always small ( < 10 ).
In the type of laser-produced plasmas in which we are in­
terested, however, the Debye length
XD = 743(|) 2 (1.1.15)
(where the electron temperature T is measured in eV, the
_3electron density N in cm and AD in cm) is of some tenths 
of a micron, much less than the expected values of the 
initial beam radius. This implies that a macroscopic move­
ment of the electrons is necessarily accompanied by a
*
similar movement of the ions to which they are strongly 
coupled electrostatically. In summary, therefore, in dense 
laser-produced plasmas the ponderomotive force acting 
directly on the ions is negligible compared to that acting 
on the electrons, but the acceleration imparted to the 
electrons is strongly damped by the ionic mass.
In the case of a beam having a Gaussian profile, the 
ponderomotive force is directed radially toward the edge of 
the beam and its magnitude is graphically illustrated in 
Fig. 1.1.1. The force in this case tends to cause a 
depression of the plasma density in the region traversed by 
the beam and the plasma refractive index is therefore again 
modified in a way which can cause self-focussing.
The effectiveness of the ponderomotive force in moving 
the plasma out of the beam is limited by the hydrodynamic 
pressure of plasma which builds up around the density de­
pression. Eventually a state of equilibrium is reached with
12
Eig.1.1.1. The laser beam 
intensity and the ponder­
omotive force, Fpw plotted
as a function of the radial 
distance from the beam axis; 
rQ is the beam half-width 
at e“l maximum.
ra r.
V?
r a d i u s  ( a r b i t r a r y  u n i t s )
the pressure associated with the electron density gradient 
balancing the ponderomotive force. This condition is des­
cribed by the relationship [Raw et al 1973, Sodha et al 
1974, Siegrist 1977]:
In j?- = - ß  <E2> (1.1.16)
o
where Nq is the unperturbed electron density and 3 is the 
ponderomotive force coefficient whose form will be dis­
cussed in section 2.4. The time required to achieve this 
steady-state condition is of the order of one nanosecond 
[Siegrist 1976].
13
In order to assess the potentiality of self-focussing 
as an intensity enhancement technique it is important to 
understand in which regimes the two mechanisms operate. 
Whilst the relativistic modification to the plasma re­
fractive index occurs essentially instantaneously, even 
compared to the shortest of the laser pulses, self- 
focussing due to the ponderomotive force has a finite 
response time as mentioned above. The thresholds for the 
two phenomena are also different. Siegrist [1976] has 
calculated that the critical power for relativistic self­
focussing is several orders of magnitude higher than that 
for ponderomotive force self-focussing. From Siegrist's 
results then we expect the first mechanism to predominate 
for very short and powerful pulses and the second for 
pulses of moderate power and nanosecond duration . More 
quantitative information on the contribution of each of 
the two mechanisms to self-focussing of a pulse of an 
intermediate duration, between some picoseconds and some 
nanoseconds, requires the inclusion of transient effects 
in the calculations. These are included in the TRSF com­
puter code [Siegrist 1977, Siegrist et al 1976]. The 
program solves simultaneously the equations describing the 
propagation of an electromagnetic wave in a plasma and that 
describing the plasma response to the ponderomotive force.
2k2A
V2A - 1 3r +
N /N o cr N/N
2(1-No/Ncr) 1 -
8s
8z
1
2 /l+^y A^
(1.1.17)
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3A
3z - h A V2s -l
3s
3r
3A
3r
2 tt g____
c/ 1-N /N  ^o cr
£ kT V2£n M e
1
M
2e
2mo)2
V2 <E2>
(1.1.18)
(1.1.19)
The following symbols and relationships are used in the 
preceding equations: 
s = eikonal of the wave 
r,z = cylindrical coordinates 
k = 2tt /I -(No/Ncr) /XQ
Xq = wavelength of the laser radiation in vacuum
(throughout this thesis is set equal to 1.06ym, 
corresponding to the wavelength of the emission from 
a Nd laser).
I AI = 2<E >
N = electron density
Nq = electron density in absence of the beam
Ncr = plasma critical density
Y = 2 e / (m u) c )
2 2ö = e2Nve^^/m(o) + = plasma conductivity
t = time
Tg = electron temperature 
M = ionic mass
V2 is a two dimensional Laplacian operator with no z 
component.
Equations 1.1.17 and 1.1.18 are the wave equations for a 
radially symmetrical beam propagating through a plasma in 
the z direction. Corrections for the relativistic in­
crease in the electron mass and the instantaneous value
15
of the local electron density N, calculated by equation 
1.1.19 are introduced in the expression for the plasma
47Te^Ndielectric constant e = 1 - and con'tin-
m(u)2 + veff)
uously fed back into the wave equations. Equation 1.1.19 
describes the time-dependent development of a small * 
density depression in a plasma under the influence of both 
the plasma hydrodynamic pressure and the ponderomotive 
force (respectively the first and second terms in the RHS 
of the equation). The ionic charge does not appear in 
equation 1.1.19 since the original version of the program 
developed by Siegrist was applied only to singly ionized 
plasmas. A correction to include the effects of multiple 
ionic charges was made in the course of the work for this 
thesis. This will be described in detail in section 2.4.
In its original version TRSF also included the effects 
of absorption via the temperature-dependent electron-ion 
collision frequency in the imaginary part of the complex re­
fractive index, n:
* Eqn. 1.1.19 is derived from the fluid equations describing 
the average velocities of the ions and electrons subject to 
the ponderomotive force in conjunction with the linearized 
form of the continuity equation^ 3N/9t =_>- N div v. This 
is permissible as long as div Nv - N div v, that is when the 
variation of the electron density with respect to the spatial 
coordinates can be treated as a small perturbation. This re­
quirement is satisfied in most cases treated in the subse­
quent sections, since we have used the program only to study 
the behaviour of the self-focussing threshold. We have 
found that at the onset of self-focussing the maximum (on axis) 
density depression is always less than 10% and generally much 
less than this value. However, the exact form of the contin­
uity equation would be required to predict details of the 
self-focussing behaviour once the filament has formed 
[ Kane 1978] .
16
~  ~  *  2 2 n • n = n + x (1 .1 .20)
x is the index of absorption and has the following signif­
icance: over a distance Xo/2ttx the amplitude of the wave
changes by a factor of e. In order to write this definition 
in a familiar form we introduce an amplitude absorption co­
efficient y defined by the relationship:
y Ao _ . 2 ttx _  u)x
2 ttx m X co
(1 .1.2 1)
—uzso that we can write A = Aq e . The intensity absorption 
coefficient differs by a factor of two:
k = 2y = 2(jox/ c (1.1.22)
The plasma parameters are introduced into k via the following 
relations [Ginzburg 1964]:
X  = 2TTa/am ( 1 . 1 . 2 3 )
k  = 2 w x / c  = 4TTa/cn ( 1 . 1 . 2 4 )
a = ( 1  - e ) v e f f /47T
1
( 1 . 1 . 2 5 )
eff = 5.5 NT_3/2 £n ( 2 2 0  T/N3 ) ( 1 . 1 . 2 6 )
The program does not include other radiation-driven 
non-linear processes such as resonant absorption or stimulated 
Brillouin scattering (SBS). In most cases this is not a 
serious limitation since many of these phenomena (e.g. density 
profile steepening, resonant absorption) are localised to the 
region close to the critical density surface, while we are 
considering only propagation in under-dense plasmas
_3cm ). Stimulated Brillouin scattering, however,(N < 9.10
16a
2 0 -3occurs at low density (N < 10 cm )(Ripin et al. 1977) 
and in an extended plasma, traversed by an intense laser 
pulse, it may cause severe energy losses (up to 50%) due 
to backscattering of the laser light. Therefore the laser 
intensities required to achieve self-focussing may be up 
to twice those predicted by the computer program. However, 
in the experiments described in this thesis, SBS can be 
neglected. (This point will be discussed in section 4.3.)
17
CHAPTER 2
COMPUTER SIMULATIONS OF SELF-FOCUSSING OF A LASER 
PULSE IN A MULTIPLY IONIZED, ABSORBING PLASMA
2.1 Definition of the "Efficient Self-Focussing" Threshold 
In the study of the propagation of a laser beam in a 
medium having a non-linear refractive index it is possible 
to define a critical power as the minimum power required 
for the self-focussing action to offset the effects of 
diffraction. (This power is independent of the initial beam 
diameter.) In a strict sense the critical power is the 
threshold for self-focussing as for a power higher than this, 
the wavefronts will curve towards a focus. To gauge the 
strength of the self-focussing action it is common practice 
to use the self-focussing length, that is the distance be­
tween the input surface of the non-linear medium and the 
point where self-focussing turns into self-trapping of the 
beam* (Fig. 2.1.1, after Svelto 1974). We find that this 
approach is convenient for a purely theoretical treatment, 
where it is possible to postulate the existence of a uni­
form non-linear medium of unspecified dimensions, or when
the medium approaches these conditions, as for example, in
*A beam is said to be self-trapped when the effects of self­
focussing and diffraction balance each other and the beam 
propagates as a narrow filament of constant diameter.
IB
the case of self-focussing in a non-absorbing, uniform 
long laser rod.
In the study of a plasma having a non-negligible ab­
sorption coefficient and a density scale length of the 
order of about 100 microns, the use of the self-focussing 
length and of the critical power may not be very meaning­
ful. It is conceivable that, in particular conditions, 
the self-focussing effect is strong enough to significantly
n o n l i n e a r  m a t e r i a l
_____ ._________________  t r a p p e d!
s> ■ . -
CNJ
| i n c o m i n g  b e a m
'  f i l a m e n t
. f a )
_______V
<*>)
Fig. 2.1.1. a) Picture of self-focussing in a 
non-linear medium when the power is larger 
than the critical power. b) Equivalent lens.
reduce the beam diameter (and hence enhance its intensity) 
although the plasma size is so small that self-.trapping 
cannot occur.
In other cases, more likely to be found in an experi­
mental situation, the use of the self-focussing length is 
somewhat misleading. Siegrist et al. [1976] have pointed
out that the self-focussing length is scarcely affected by 
the presence of plasma absorption since, once the wave- 
fronts have curved towards a focus near the input surface 
of the plasma, then absorption has only a small effect in 
determining the position of the focal point. However they 
recognize that the intensity in the self-focussed filament
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Fig.2.1.2. Intensity (I) and diameter (d) of a beam undergoing 
self-focussing in a strongly absorbing aluminium plasma 
as a function of the distance of propagation through the 
plasma. The units on the vertical axis are normalized 
with respect to the initial values.
is affected by even small variations in the absorption co­
efficient .
In Fig. 2.1.2 we illustrate a case which is likely to 
occur in an experimental situation. Here we plot both the 
beam diameter and its on-axis intensity as a function of 
the distance of propagation of the beam through the plasma.
For this example we have assumed the pulse duration to be 
of several nanoseconds so that steady state conditions are 
achieved. Fig. 2.1.2 shows that in this particular case 
(plasma electron density 5.10 cm , plasma electron 
temperature 500 eV, laser pulse, gaussian in time and 
space, having a peak power density of 1.6 x 10"^ W cm  ^
and an initial beam diameter of 36 ym at e  ^of the peak 
intensity) self-focussing is indeed taking place but 
attenuation of the beam due to absorption reduces the beam 
intensity more rapidly than it is enhanced due to the con­
centration of the radiation into a smaller area. A similar
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Fig. 2.1.3. Time and space history of the intensity of 
a beam which undergoes self-focussing in a plasma. The 
beam intensity relative to the peak input value is shown 
as a function of propagation distance (x-axis) for times 
measured in ps, w.r.t. the pulse maximum (t=0). The full 
pulse length (e"l intensity) is 20 ps, T=500 eV, and the 
peak flux density = 4  x 1015 w / c n \ 2 .
result in an experimental situation would probably go un­
detected .
An analogous problem arises when the laser pulse dur­
ation is shorter than the response time of the plasma to 
the ponderomotive force. This is illustrated in Fig. 2.1.3.
This time the pulse length is only 20 ps, the temperature
15 -2500 eV, the peak laser intensity is 4.10 W cm and the 
plasma is singly ionized gold having an electron density of
In Fig. 2.1.3a, where absorption is neglected we can 
see that self-focussing, in the sense of beam narrowing, 
is occurring, since the intensity increases with increasing 
propagation distance, at all the times shown. In a more 
practical case, however, when the plasma is absorbing (Fig. 
2.1.3b) during the whole first half of the pulse (curves 
marked with negative times) the intensity decreases with 
propagation distance through the plasma, indicating that 
absorption is once again affecting the beam intensity more 
markedly than self-focussing. As time passes, however, the 
density depression caused by the ponderomotive force con­
tinues to develop and results in an increasing change in 
the refractive index and eventually (at t = 15.6 ps) self­
focussing is strong enough for the intensity at the exit 
surface of the plasma to exceed the corresponding intensity 
at the input surface. Even so, self-focussing in this case 
would be unlikely to produce an observable effect. This 
is better illustrated in Fig. 2.1.4 where the on-axis in­
tensity at both the input and output surfaces of the plasma 
layer, 90 ym thick, are plotted as a function of time. We 
see that although, as pointed out above, the intensity in 
the trailing edge of the pulse is considerably enhanced by 
self-focussing, the peak intensity of the transmitted pulse 
is in fact slightly lower than the initial peak value.
This has led us to define the self-focussing threshold 
in a particular way. We say that the "efficient self­
focussing" (esf) threshold has been reached when the pulse 
emerging from a plasma layer of a given thickness has
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time (ps)
Fig. 2.1.4. The beam intensity at the input 
(a) and output (b) surfaces of a 90 ym thick 
plasma layer. Pulse and plasma parameters 
are the same as for Fig. 2.1.3b.
experienced a ten-fold intensity enhancement over the 
initial value at the time corresponding to the peak of the 
input pulse. This definition is quite arbitrary* and it 
may be, in some cases, drastically restrictive (eg. if the 
input beam diameter is very small, it is possible that our 
definition cannot be satisfied even if the filament 
collapsed to the diffraction limited size). However, 
since the main purpose of our calculations is to have an 
estimate of the laser and plasma parameters which, when 
duplicated in an experiment, will be likely to cause self- 
focussing accompanied by some observable effect (eg. local­
ized plasma heating) it is necessary to relate our defin­
ition of self-focussing to the filament intensity. We 
also believe that this definition is more meaningful in
* Strictly speaking, it defines "intensity enhancement 
through self-focussing".
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cases where self-focussing could be considered as a 
possible explanation for anomalies observed in laser - 
produced plasmas. [Siegrist et al. 1976, Yamanaka et al.
1972 ]. Our definition includes implicitly any cause which 
could affect the intensity achieved in a self-focussing 
beam, be it absorption, the pulse duration or the plasma 
thickness. We feel that this is more convenient than that 
adopted, for example, by Palmer [1972] who takes into 
account only absorption.
While the determination of whether our definition of 
threshold has been exceeded in the case of self-focussing 
in steady-state condition is straightforward, in the case 
of short pulses this is better done using a diagram 
similar to that illustrated in Fig. 2.1.5. Here we plot, 
against the initial pulse peak intensity, the delay with 
respect to the peak of the pulse at which the intensity 
at the output surface of the plasma exceeds the corres­
ponding input intensity by one order of magnitude. (The 
delay, indicated by At, is measured in units normalized 
with respect to the pulse duration.) The esf threshold 
is given by the intensity corresponding to At = 0.
2.2 Effect of The Pulse Duration on the esf Threshold
The curves in Fig. 2.1.5 show how the self-focussing 
behaviour is affected by the pulse duration. In the case 
of the 10 ps pulse, self-focussing is virtually entirely 
due to the relativistic effect. This is apparent from 
the fact that once the pulse has reached its peak, the
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Fig. 2.1.5. The time delay (At) relative to the 
peak of the pulse (t = 0) at which the intensity 
at the output of a plasma slab 180 ym thick ex­
ceeds the corresponding input value by one order 
of magnitude. The gold plasma parameters are:
20 -3N = 9.10 cm ; q=l, T = 1 keV. Curves are 
shown for different laser pulse durations.
intensity for which the ten-fold intensity increase is 
obtained remains constant. Alternatively, in the case of 
longer pulses, the intensity required to achieve this en­
hancement towards the end of the pulse is lower than the 
esf threshold ( % 1 order of magnitude for a 200 ps pulse)
as the plasma is allowed more time to develop a density 
depression in response to the ponderomotive force.
The esf thresholds obtained from the curves in Fig. 
2.1.5 are plotted as a function of the pulse duration in 
Fig. 2.2.1 (together with a curve calculated in a similar 
way for a 90 ym thick plasma layer). These curves show 
the transient nature of the phenomenon being investigated.
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Fig. 2.2.1. esf threshold as a function of 
pulse duration for a singly ionized gold 
plasma with Te = 1 keV. For curve a, the 
thickness of the plasma layer is 90 ym and 
for curve b is 180 ym.
The esf threshold is dependent on the pulse duration in the 
region between 10 ps and some nanoseconds. For pulses 
shorter than about 10 ps, self-focussing is due entirely to 
the relativistic mechanism which, having an instantaneous 
response time is independent of the pulse duration. As 
previously pointed out the threshold for this mechanism is 
very high. As the pulse duration increases the threshold 
decreases as a consequence of the increasing contribution 
from the ponderomotive force until, for pulses longer than 
a few nanoseconds, a steady-state density perturbation is 
achieved and the threshold stabilizes at a much lower value 
as predicted by Siegrist [1976] .
The range over which the esf threshold is a function 
of the pulse duration is obviously determined by the plasma 
inertia. In the case of a light element, like deuterium, 
steady-state conditions are reached for pulses as short as 
200 - 300 ps and ponderomotive force self-focussing contin­
ues to be partially effective even for picosecond pulses
(dashed line curves in Fig. 2.2.2).
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Fig. 2.2.2. esf threshold as a function of pulse 
duration for a plasma with = 1000 eV. For 
curves 'a' the propagation distance is 90 ym and 
for curves 'b ' 180 ym. The solid lines are for a 
gold plasma whilst the dashed lines are for deuterium 
(both singly ionized).
Slight rearrangement of Eqn. 1.1.19 allows us to draw 
a similar curve for any singly ionized plasma. In that 
equation we can relate the ion inertia to the plasma re­
sponse time by replacing t with the normalized time unit
(so thatt
M
32 p N —  & n  —
9x2 o
92f
3t2
M32f
3t2
) :
2 N 2 k T V I ne No
4 "
2muf
V2 <E2> (2 .2 .1)
Thus an increase in the ionic mass from 2 (for Deuterium) 
to 197 (for Gold) corresponds to an increase of the 
characteristic plasma response time of /197/2 - 10. If the 
curves are drawn using a logarithmic scale for the time 
axis the curve for gold can be obtained simply by trans­
lating the curve for deuterium for a suitable distance 
along the time axis.
2.3 Effect of the Plasma Temperature on the esf Threshold
In Fig. 2.3.1 we have again plotted the time delay (At)
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Fig. 2.3.1. The time delay (At) relative to the 
peak of the input pulse (t=0) at which the intensity 
at the output of a plasma layer 180 ym thick ex­
ceeds the corresponding input value by one order of 
magnitude, plotted as a function of the initial peak 
laser intensity. The esf threshold is given by the 
intensity corresponding to At = 0. The deuterium 
plasma density is 9.10^0 cm-3 and its electron 
temperature is 3000 eV in curve a, 2000 eV in curve 
b, 1000 eV in curve c, 500 eV in curve d and 100 eV 
in curve e. The laser pulse duration is 20 ps.
relative to the peak of the pulse (t=0) at which the fila­
ment output intensity exceeds the corresponding input 
intensity by a factor of 10, versus the initial peak pulse 
intensity. This time we have repeated the calculations for 
various values of the electron temperature.*
Using this, and similar diagrams, we can plot the esf 
threshold as a function of temperature for various plasma 
and pulse parameters.
* Although we are interested in the electron temperature, 
in a dense plasma ( > 103  ^cm"^) of light ions this is 
equal to the ion temperature. Therefore we may occasion­
ally simply refer to "temperature" without specifying that 
we are referring to electron temperature.
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The curves in Fig. 2.3.2 refer to self-focussing of 
a 20 ps pulse (a), a 100 ps pulse (b) and steady-state
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Fig. 2.3.2. The efficient self-focussing threshold in 
an absorbing deuterium plasma as a function of the 
electron temperature for a 20 ps pulse (a), a 100 ps 
pulse (b) and for a long ( > 5 ns) pulse. The density 
of the 180 ym thick plasma layer is 9.10^0 cm” .^
Curve d refers to self-focussing of a 100 ps pulse in 
a singly ionized gold plasma.
self-focussing (c) in a Deuterium plasma. The behaviour 
reflected by these curves differs from that reported in 
studies where absorption is neglected [Siegrist 1976, Haas 
et al. 1976]. In those cases, an increase in the electron 
temperature results in a monotonic increase in the critical 
power for self-focussing [Siegrist 1976] as a stronger value 
of the ponderomotive force is required to overcome the 
plasma pressure which has been increased by the rise in 
temperature.
When absorption is taken into account, we find that, 
in the steady state case, a low temperature plasma requires 
a very high laser intensity for self-focussing to occur.
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This, of course, is due to our requirement that self- 
focussing results in an increase in the intensity within 
the filament. The increase in the esf threshold for cold, 
strongly absorbing plasmas implicitly reflects the fact 
that we are requiring a drastic reduction in the self­
focussing length so that filamentation occurs before the 
intensity has fallen to a level so low that our definition 
cannot be met. When the temperature increases to levels 
where absorption becomes negligible the threshold increases 
with T , as predicted by other authors. The net result is 
that there is an optimum electron temperature for steady- 
state self-focussing (curve c).
In the case of a very short pulse, the self-focussing 
behaviour will be largely determined by the relativistic 
mechanism in conjunction with absorption but will not be 
greatly affected by the plasma pressure. The threshold 
will then monotonically decrease, approaching asymptotically 
a value corresponding to the threshold in absence of ab­
sorption (cf. curve a of Fig. 2.3.2.).
For pulses of intermediate duration, the form of the 
variation of esf threshold with the temperature is affected 
indirectly by the ionic mass. For example, a Deuterium 
plasma will respond to a 100 ps pulse in a way approaching 
the steady-state situation and consequently the curve des­
cribing the esf threshold as a function of the temperature 
(curve b) will be similar to that obtained for the steady- 
state case. In a singly ionized gold plasma, the same 
pulse will still experience only a minor contribution from 
the ponderomotive force because of the increased response
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time of the plasma due to the much heavier ionic mass 
and the curve will be similar to curve a (curve d).
The shaded area in Fig. 2.3.2 indicates the range of 
temperatures and laser intensities for which the electron 
quivering velocity
v = 25X /I cm sec  ^ (2.3.1)rel me u)
_2(with X in microns and I in watts cm ) 
becomes greater than the thermal velocity
vT = /kßTe/me (2.3.2)
In these cases absorption becomes non-linear, the 
absorption coefficient assuming the form [T.P.Hughes 1975]:
K (E) oc N Niq2E~3 (2.3.3)
However, as long as we are terminating our calculations at 
the self-focussing thresholds, non-linear absorption may 
be neglected, but it should be kept in mind that once the 
threshold is exceeded the strong increase in the laser 
intensity may lead to a rapid saturation of absorption 
within the filament.
2.4 Self-focussing in Multiply Ionized Plasmas
The results reported in the previous section have 
shown that a relatively high plasma temperature is re­
quired in order to keep absorption low and obtain low esf 
thresholds.
A high plasma temperature generally implies that the 
plasma will be strongly ionized. In this case the absorp-
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tion coefficient for high atomic number materials would 
be substantially different from that used so far, which 
assumes the plasma to be singly ionized.
For inverse Bremsstrahlung absorption this coefficient 
(k) varies with ionic charge according to the following 
expression
3/2
k oc N 2 q T~ (2.4.1)
where q is the ionic charge.
We can see that the relationship between temperature 
and absorption becomes more complex because of the indirect 
effect through the ionic charge on the absorption coeffic­
ient. Moreover, the degree of ionization of a plasma affects 
both the response time and the steady-state effectiveness 
of the ponderomotive force mechanism.
We have already pointed out that, in the case of a laser 
produced plasma, Debye coupling of the electrons and ions 
makes it necessary that the macroscopic perturbation in the 
electron density required to induce a refractive index 
change, be accompanied by a corresponding variation in the 
ion density and hence, in non steady-state conditions, 
it is the ionic mass which governs the rate of growth of 
these density perturbations.
A change from singly to q-fold ionized plasma for a 
particular atom results in the coulomb force acting on each 
ion being increased by a factor of q (assuming charge 
neutrality) and, therefore, the response time of the plasma 
to the ponderomotive force is reduced. It can be seen, 
therefore, that an increase in ionic charge will consider­
ably affect the self-focussing behaviour by tending to
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reduce the esf thresholds because of the increased effect­
iveness of the ponderomotive force, whilst, at the same 
time, tending to increase esf thresholds due to stronger 
absorption.
In order to obtain realistic quantitative predict­
ions from our computer simulations we have included the 
ionic charge in the plasma hydrodynamic equation 1.1.19 
and we have replaced equations 1.1.24, 1.1.25 and 1.1.26 
used to include absorption in the original form of the 
program with the equation for the inverse Bremsstrahlung 
absorption coefficient [T.P.Hughes 1975]:
2N±q‘ 6e 77
TToo^ ri 6tt£qC/!3 /2tF (mekß) t
(2.4.2)
where n is the plasma refractive index and g the Gaunt 
factor [Gaunt 1930] :
1.2695(7.45 + log T0 - j log N) (2.4.3)
for q = 1 the new equation has the same form as the orig­
inal one and a very similar numerical value.
The degree of ionization was introduced in the hydro- 
dynamic equation via the electrostatic coupling term in the 
equations for the averaged electron and ion fluid velocity:
Dv -eE kT grad Ne _ es e + vep “ ve) ” grad 0 2 2 2m oo
<E >
(2.4.4)
qeEes kTi 9rad N i v-----  - ——  --- — --- + Vie (v - v.)M M e i (2.4.5)
Here E is the electrostatic field, v and v. are the es e l
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electron and ion fluid velocities, and v^e and are
the collision frequencies for momentum transfer (the sub­
scripts e and i refer to the electrons and ions respectively).
Equations 2.4.4 and 2.4.5 can be combined using 
ve = v^ [Siegrist 1977], vej[m N = v^e M [Tanembaum 
1967] and N = q (charge neutrality condition)
We then obtain:
Dve
Dt
(1 + q)
M
grad N mg
M grad 0 2 2 2m a)
<E2> (2.4.6)
and then
r  fin iL 1 = ■ kTV2ln NL I  °  J M NoV. y
+ aM _ 22m a)
2 2V <E >
(2.4.7)
The symbols here are the same as in Eqn. 1.1.19 namely
N and are the electron and ion densities respectively,
Nq is the initial electron density, T = T0 = is the
plasma temperature, q the ionic charge, m and M are re-
2spectively the electron and ion masses, and <E > is the 
electric field of the laser of frequency m averaged over 
one cycle.
For q = 1 equation 2.4.7 reduces to equation 1.1.19.
For laser pulses much longer than the plasma response time 
the solution to equation 2.4.7 approaches the steady-state 
situation where the time derivatives can be neglected. We 
then obtain, for a plasma with an initially uniform density:
N exp o ^ (q + 1) 2ma)2kT
<E2> (2.4.8)
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It should be noted that equation 2.4.8 still includes a 
term dependent on the ionic charge q. For q = 1 the ponder- 
omotive force coefficient is:
2
3 = ----1—  (2.4.9)
4mo) kT
and Eq. 2.4.8 reduces to the well known formula for steady 
state ponderomotive force self-focussing [Kaw et al.1973,Sodha 
et al. 1974, Siegrist 1977]. For q >> 1, q + 1 - q the 
ponderomotive force coefficient increases by a factor of 
two over the previous value:
2
3 = — ^ —  (2.4.10)
2mu) kT
This occurs because of a reduction in the contribution to 
the hydrodynamic pressure from the ions as, under the charge 
neutrality condition (N^  = N/q), the ion number density is 
reduced with increasing q.
The modified version of the program has been used ex­
tensively to give a broad picture of the way the esf thres­
hold varies with electron density, ionic mass, pulse dur­
ation and temperature when the ionic charge effects are in­
cluded .
2.5 Transient Self-focussing in Multiply Ionized,
Absorbing Plasmas.
The competitive roles of absorption and the ponderomotive 
force in determining the self-focussing behaviour are illus­
trated by plotting esf thresholds as a function of ionic 
charge and pulse duration for a carbon plasma. In Fig. 2.5.1a 
the pulse duration is 10 ps, in 2.5.1b it is 100 ps and in
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Fig. 2.5.1. esf threshold as a function of ionic 
charge for pulses of different duration; A:t =
10 ps ; B:t = lOOps ; C:t = 1 ns. The pSasma
parameters Sre: element - Barbon; electron 20
temperature - 1 keV; electron density - 8 x 10 
cm-^, thickness of the plasma slab: 180 ym.
2.5.1c it is 1 ns. In the first case the pulse is so short 
that the ponderomotive force is not very effective for any 
ionization state and the relativistic self-focussing mechan­
ism dominates. In this case an increase in q causes a mono­
tonic increase of esf threshold, reflecting the dominant 
role of absorption. In lb the self-focussing behaviour is 
governed entirely by the ponderomotive force but steady-state 
conditions are not established. In this case, therefore, 
increased effectiveness of the ponderomotive force causes a
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reduction in threshold with increasing ionic charge, until 
for q £ 3 this increased effectiveness is swamped by in­
creased plasma absorption which then leads to a rising 
threshold. In lc once again the ponderomotive force is 
dominant but this time steady-state conditions are reached 
even if the plasma is singly ionized and the degree of 
ionization only increases the level of absorption and 
hence the esf thresholds.
Fig. 2.5.2 emphasises the effect of pulse duration on 
esf thresholds in a carbon plasma (A) and an aluminium 
plasma (B) for different degrees of ionization. The steady- 
state conditions are characterised by a time-independent 
threshold. The pulse duration for which these are reached 
is a function of q, being less than 200 ps for q=Z (curves 
c) and almost 1 ns for q = 1 (curves a) illustrating 
the more rapid plasma response time for the highly ionized 
plasmas. Furthermore, for very short pulses curves (a) 
show the onset of a second time independent region where 
relativistic self-focussing dominates the behaviour (cf.
Fig. 2.2.1 where it is shown that for a singly ionized gold 
plasma relativistic self-focussing causes the esf threshold 
to reach a constant level for pulse durations below 20ps ) .
In the cases (b) and (c) shown in Fig. 2.5.2 the pondero­
motive force mechanism is completely dominant right down 
to pulses of 10 ps duration, even in the case of a relatively 
heavy element like Aluminium.
It is worth noting that in the pulse duration range 
corresponding to the transient regime of the ponderomotive 
force the curves come very close to each other indicating
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Fig. 2.5.2. esf thresholds as a function of pulse 
duration for different degrees of ionization. The 
plasma is carbon in Fig. A and aluminium in Fig. B. 
The ionic charges are: for Fig A; a:q=l, b:q=3, 
c:q=6, for Fig B; a:q=l, b:q=7, c:q=13. The other 
plasma parameters are the same as in Fig. 2.5.1.
that the two effects of the ionic charge nearly cancel, 
while for very short or very long pulses only the effect 
of increasing absorption is noticeable.
In an experimental situation the degree of ionization 
will be determined by the plasma temperature and its 
temporal history. It would be unrealistic to expect to 
find in a fast expanding plasma originated by a short 
(<< 1 ns ) laser pulse the sort of temperature and density 
scale lengths postulated in these calculations. (This
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topic is examined in greater detail in section 2.8).
We will assume, therefore, that the plasma, generated 
by some other means ,_ is in a near-steady-state condit­
ion and we will, therefore, use the coronal model to 
calculate the average ionization state of the plasma q. 
Shearer and Barnes [1971] derived the following empirical 
formula to calculate q as a function of the plasma electron 
temperature Tg (measured in keV) and the atomic number Z:
1 + (26/Z) T
(2.5.1)
Using (2.5.1) we can deduce that, at a temperature of 1 keV, 
materials such as carbon, aluminium, etc. will be almost 
fully stripped. It is instructive, therefore, to investi­
gate how the esf threshold varies for different fully 
stripped materials. These results are shown as a function 
of pulse duration in Figures 2.5.3 A, B, C. The materials 
are deuterium (b), carbon (c) and aluminium (d). Curves 
(a), (a') represent sample calculations for absorption
neglected, with (a) for q = Z>>1 ^  ^w 0.5, and (a')
for q = Z = l ,  M = 2 .  These latter curves illustrate the 
difference of a factor of 2 in the steady-state thresholds 
with absorption neglected as pointed out before. An inter­
esting situation arises when absorption is taken into account. 
At low densities (Fig. 2.5.3A), absorption for deuterium is 
negligible (curve (b) coincides with curve (a')) while it 
has a noticeable effect for higher atomic number materials 
such as aluminium, for which the esf threshold is raised by 
about 30%. Therefore, for pulse durations much shorter
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Fig.2.5.3. esf threshold vs 
pulse duration for various 
fully stripped plasmas and 
different electron densities^Q 
The electron density is 3.10 
cm-3 in A; 6.102 0 cm-3 in B;
8.10^0 cm”  ^ in C.
Curves a and a are sample 
curves computed respectively 
for fully stripped plasmas
with Z » 1 and 
absorption. 
Curve b refers 
plasma.
Curve c refers 
plasma.
Curve d refers 
plasma.
Z=l, neglecting 
to a deuterium 
to a carbon 
to an aluminium
Temperature and propagation 
distances are the same as in 
Fig. 2.5.1.
tp»)
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than those required to achieve a steady-state behaviour, 
the threshold for aluminium is slightly higher than that 
for deuterium, while for long pulses it is slightly lower.
As the plasma density, and hence absorption, is increased, 
however, (Fig. 2.5.3 B,C) the threshold becomes always 
lower for lower atomic number plasmas. A comparison between 
Figs. 2.5.3B and 2.5.3C illustrates the complex relationship
I
between esf threshold, plasma density, and ionic charge.
The curves (a) and (a1) indicate a sharp decrease of self­
focussing threshold for increasing plasma density, for reasons 
outlined in the next section.
The same behaviour is exhibited by curve b, since 
absorption in deuterium is always low. In the case of a
carbon plasma (curve c) the threshold decreases only margin-
20 -3ally once the relative density increases over 6.10 cm 
while in the case of the highly charged, strongly absorbing 
aluminium the threshold increases.
2.6 esf Threshold as a Function of the Plasma Density
We have also examined the dependence of the esf thresh­
old on the plasma density. In Fig. 2.6.1 we plot the 
plasma refractive index n =/l - N/Ncr as a function of the 
electron density. (We find it convenient to measure the 
electron density N relative to the critical density N = 
1021 cm"3).
At low plasma densities, n is already close to the 
maximum value of 1 and we can expect that a given variation 
in the ratio N/Ncr will not cause a large change in 
the refractive index. On the contrary in the high density
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Fig. 2.6.1. Curve a: plasma refractive index
(n) as a function of plasma relative electron 
density. Curve b: relative change in the re­
fractive index caused by a decrease of 0.1 Ncr 
in the electron density, plotted as a function 
of the plasma initial relative density.
region, n is a fast varying function of N/Ncr.
To illustrate this point quantitatively we have plotted 
in Fig. 2.6.1, curve b, the relative variation in the plasma 
refractive index for the same decrease in the electron 
density (AN = 0.1 Ncr) as a function of the unperturbed 
electron density.
The shape of curve b suggests that the esf threshold 
should decrease for increasing plasma density. This is 
verified in the simplest case of self-focussing in a hydro­
gen plasma where absorption is small since q = 1. In Fig. 
2.6.2 it is shown that indeed an increase in the plasma 
density results in a monotonic decrease in esf thresh­
old . The same behaviour is observed for the case of
a singly ionized material of higher atomic number such as 
aluminium (curve a, Fig.2.6.3) .However, an increase in the
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Fig. 2.6.2. Threshold for esf in an hydrogen 
plasma calculated as a function of the plasma 
relative electron density for two different 
pulse durations: a: tp = 100 psec; b: tp =
20 psec; the electron temperature is 1 keV 
and the thickness of the plasma layer is 180 ym.
degree of ionization changes this behaviour as once more 
the competition between the self-focussing mechanism and 
absorption occurs as the density is increased. The monotonic 
decrease in esf threshold illustrated in Figs.2.6.2 and 
2.6.3a is due to the fact that for a singly ionized plasma the 
absorption remains comparatively low even at high densities.
For higher ionization states the absorption is no longer 
small and in some circumstances the increase in absorption 
with plasma density more than offsets the more sensitive 
dependence of the plasma refractive index to small density 
perturbations. Figs. 2.6.3b and 2.6.3c illustrate this 
point. In the case of fully stripped aluminium (curve c),
43
r e l a t i ve  dens i ty
Fig. 2.6.3. esf threshold vs relative electron 
density of an aluminium plasma calculated for 
different degrees of ionization: a: q = 1; b: q = 7; 
c: q = 13. Other plasma parameters are the same as 
in Fig. 2.5.1. The pulse duration is 100 psec.
the curve is nearly constant over a wide range of densities 
and even for q = 7 (curve b), the threshold only changes by 
about a factor of two for N/Ncr increased from 0.2 to 0.9. 
This result implies that in many circumstances the calcul­
ations we have performed for a uniform plasma slab are 
applicable to a more easily attained experimental situation 
where, for example, the plasma density increases linearly 
with propagation distance.
2.7 Variation of the absorption coefficient with
temperature in the case of multiply ionized plasmas
In all the calculations performed so far in our in­
vestigation of self-focussing in multiply ionized plasmas, 
we have set the plasma temperature at 1 keV. This choice 
was motivated by the results reported in section 2.3 which 
indicated that a high temperature ( > 500 eV) was required
44
to keep absorption to an acceptable level. However, we 
have also pointed out that for multiply ionized plasmas 
the relationship between temperature and the absorption co­
efficient is complicated by the indirect effect that the 
former has on the latter through the ionic charge.
We have examined this for the case of steady-state 
ponderomotive force self-focussing.
' In Fig. 2.7.1 we plot the esf threshold as a function 
of temperature for deuterium, carbon and aluminium plasmas.
The electron density of the plasma is chosen to be 0.6 Ncr. 
This is an average value which can be expected to be 
achieved ’in an experimental situation and the results 
so calculated are roughly applicable for a slightly higher 
or lower value of the density. In this instance the
value of the average ionization state is calculated as a 
function of temperature according to the coronal model 
(Eqn. 2.5.1) and the value obtained is fed back into the 
program to calculate the value of the absorption coefficient.
Curve c, which refers to deuterium, is similar to 
curve c in Fig. 2.3.2 (the quantitative difference being due 
to the fact that in Fig. 2.3.2 the electron density is 
0.9 Ncr). The curve shows a minimum for an intermediate 
value of the temperature, the esf threshold increasing both 
at lower temperatures(because of increased absorption) and 
at higher temperatures (because of increased plasma pressure) . 
Curves a and b do not exhibit such a sharp increase with in­
creasing temperature because of the feed-back into the 
absorption coefficient of the ionic charge. Particularly 
in the case of aluminium, where the average ionization state
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Fig. 2.7.1. The esf threshold as a function of the 
electron temperature in plasmas whose ionic charge 
varies with temperature according to the coronal 
model (curve a = aluminium and curve b = carbon) 
compared to the same function for a plasma whose ion­
ic charge is independent on the temperature (curve c 
= deuterium). The initial beam diameter is 36 ym for 
the solid line curves and 18 ym for the dashed line 
curves. The plasma density is 0.6 Ncr. The thickness 
of the plasma slab is 180 ym.
continues to increase up to about 1.5 keV the threshold re­
mains fairly constant over a large range of temperatures, 
indicating that the many competing effects of temperature on 
the esf threshold nearly cancel each other. It is only 
after one of these effects is eliminated,once the temperature 
is high enough so that the ions are fully stripped, that the 
threshold begins to increase again, coming to coincide with 
curve b, parallel to curve c.(Note once again that in steady- 
state self-focussing, where absorption is negligible and the 
ionic charge is >>1 (that is when the temperature is high) the 
threshold for high atomic number plasmas is lower than that
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for deuterium (cf. Eqn. 2.4.9 and Eqn. 2.4.10).)
We have also repeated the calculations for a smaller 
initial beam diameter (18 ym, curves a', b', c') in order 
to encompass the range of values expected to be encount­
ered in an experimental situation. As the initial beam 
diameter is reduced the esf thresholds will decrease as 
the same variation in the refractive index, occurring over 
a shorter distance, will result in a stronger lens-like 
effect. This trend will be eventually reversed when the 
initial beam diameter becomes so small that strong diffract­
ion will appreciably compete against the self-focussing 
action.
In summary, Fig. 2.7.1 confirms the assumption, based 
on the results obtained for a singly ionized plasma, that 
the plasma temperature should be > 500 eV for the esf 
threshold to be low. In practice since it is difficult 
to use as a target material a substance much lighter than 
carbon and the maximum temperature obtainable in normal 
laboratory conditions is limited anyway to about 1 keV,
Fig. 2.7.1 simply suggests that in planning an experiment 
one should try to obtain the highest possible plasma temper­
ature .
2.8 Conclusion
The computations reported in the previous sections 
indicate clearly that self-focussing is most easily achieved 
in plasmas composed of low atomic number elements. However, 
the increase in the esf threshold with increasing atomic 
number is not so drastic as to preclude the possibility of
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choosing an element, among those having a low atomic weight, 
which offers considerable practical advantages over the 
obvious choice of hydrogen or deuterium.
The calculated thresholds for carbon seem to be quite 
accessible and, in fact, this element has, at low plasma 
densities, a threshold even lower than deuterium or hydrogen 
in steady-state conditions. An alternative to this choice 
is polyethylene (average atomic number 2.66, average atomic 
weight 4.66) which, unlike carbon is available in thin 
foils.
Aluminium is considerably worse in the transient regime 
because of its higher ionic mass. For a 25 ps pulse the 
threshold for aluminium would be almost double that for 
carbon for temperatures around 500 eV, where aluminium 
could not be fully stripped. However, in steady-state con­
ditions the difference in the threshold is reduced and in 
this case the ease of fabrication of different types of 
target from aluminium makes it very attractive as a target 
material.
The laser pulse has the dual purpose of creating the 
plasma and of inducing in it the refractive index changes 
conducive to self-focussing. The computer simulations 
place several restrictions on the plasma parameters and 
hence limit the choice of the laser pulse duration.
Although we have performed most of the calculations 
for a 180 pm thick plasma layer, we can extrapolate our 
results using the curves in Fig. 2.8.1. (Qualitatively 
the results reported so far are applicable to the case of a 
shorter distance of propagation through the plasma, cf.
Figs. 2.2.1 and 2.2.2.)
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Fig. 2.8.1. The esf threshold vs the thickness of the 
plasma layer. The temperature of the deuterium plasma 
is 500 eV. The density is 0.5 Ncr for curve a and 0.9 
Ncr for curve b. The initial beam diameter is 36 ym. 
Steady-state conditions are assumed to apply.
We can see that the threshold increases very sharply as the 
propagation distance drops below 50 ym. We, therefore, 
require plasma lengths of the order of 100 ~ 200 ym.
The plasma expands with a velocity that can be approximately 
calculated from the initial energy and mass of the ions:
5 -1and is of the order of 10 m sec . This implies that the 
plasma must be allowed to expand for some nanoseconds in 
order to reach the required size. The plasma temperature
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should also be preferably greater than 500 eV and definitely 
higher than about 100 eV.
If the plasma is produced by a short pulse from a mode 
locked laser, we may assume, for a rough calculation, that 
the plasma is generated instantaneously and then allowed 
to expand and cool without further energy being supplied 
to it. Experimental evidence available suggests that the 
initial value of the plasma temperature will not exceed 
^ 1 keV. Results obtained by Tallents [1978] using the 
MEDUSA computer code indicate that for an initially spheri­
cal plasma, having an initial radius of 10 pm, the temper­
ature will decay exponentially with a half-time at the 
centre of the sphere of the order of some tens of pico­
seconds. Clearly the temperature will become too low for 
self-focussing if the plasma is allowed to expand for 
nanoseconds.
Laser pulses of nanosecond duration are more satisfactory 
for the production of a plasma having the required param­
eters, since energy is continuously transferred to the 
plasma as it expands, thus preventing excessive fast cooling. 
In fact, density scale lengths and temperatures suitable 
for self-focussing have been measured by several authors 
[Eidmann et al. 1976, Yamanaka et al. 1972, Shearer et al. 
1972] for plasmas generated by nanosecond laser pulses.
The laser facilities available at the ANU are capable
of delivering nanosecond pulses of the order of 1 gigawatt
which can be focussed to give a peak power density on
14 -2target of the order of a few times 10 W cm This is
quite adequate to produce the type of plasma we require and
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it is also above the level predicted by our calculations 
for the threshold for steady-state self-focussing. How­
ever since the maximum enhancement of the filament in­
tensity is limited by the ratio between the initial and 
self-focussed beam diameters to about two or three orders
of magnitude, we can expect at most to have an intensity 
16 17 -"2of between 10 and 10 W cm in a self-focussed fila­
ment .
This is comparable to the intensity obtainable by
simply focussing, with a good quality lens, the output of
a medium-sized mode-locked laser system, like the ANU SPL
laser. In order to satisfy the long term objective of
this project, that is of achieving intensities that will
allow us to perform experiments at intensities of 
18 19 —  210 v 10 W cm which could not be carried out without 
expensive upgrading of the laser facility, we need a 
suitably tailored pulse having a duration of some nano­
seconds (to create a plasma having the required parameters) 
and a short, powerful l O ^  W) spike which through 
self-focussing could reach intensities greater than about
m 18 t 7 -210 W cm
It may be worth noting that in this situation, self­
focussing may be still caused by the nanosecond pulse with 
the result that the short spike would be "focussed" by 
the lens-like properties induced in the plasma by the 
ponderomotive force associated with the plasma-forming 
pulse. In any case the energy would be concentrated in a
small filament.
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CHAPTER 3 
THE LASER
3.1 The SPL Laser
The laser used for all the experiments described in 
this thesis was the ANU Short Pulse Laser (SPL) facility 
illustrated schematically in Fig. 3.1.1. In its normal 
mode of operation the laser signal is generated by a 
passively mode-locked Nd-Yag oscillator (MLO) which pro­
duces a train of pulses with a nominal duration of 25 ps. 
The train, which is vertically polarized, is propagated 
through a Pockels cell P.C.l and into a Glan-Taylor prism 
PI oriented to allow the transmission of horizontally 
polarized light only. The first mode-locked pulses are 
therefore rejected and are focussed to trigger a spark gap 
(LTSG) which then applies a h wave voltage to the Pockels 
cell. The duration of the voltage pulse is such that one 
pulse only has its plane of polarization rotated and is 
allowed to propagate past the polarizer, after which the 
rest of the pulse train is again rejected.
The spatial profile of the pulse is shaped using two 
hard apertures (A1 and A2). The first turns the beam's 
spatial profile into an Airy diffraction pattern in the
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far field, which is then truncated at its first zero by 
the second aperture. Unlike the original Gaussian beam, 
the profile so obtained has a finite diameter and can be 
propagated through the amplifier chain without developing 
diffraction fringes due to truncation by the apertures of 
the amplifier rods. If fringes were created and subse­
quently amplified they could self-focus and cause damage 
to the laser.
The high frequency spatial modulations on the beam 
profile are removed by a spatial filter (SF) and again, 
after partial amplification, by a high power vacuum spatial 
filter (VSF). The low power stages of the laser are pro­
tected from back-reflected light by a Faraday rotator (FR) 
[Gillman 1977].
3.2 Considerations on the Pulse Tailoring Techniques
We have indicated in section 2.8 that, in order to 
achieve an intensity in the self-focussed filament ex­
ceeding that obtainable by simply focussing the output of 
the existing laser facilities, it is necessary to use a 
laser pulse of nanosecond duration having a peak power of 
at least 100 GW. In the case of a laser pulse having a 
Gaussian time behaviour these requirements imply a pulse 
energy of the order of 100 J, which is far greater than 
the output of all but the largest Neodymium laser systems. 
Therefore some form of pulse tailoring is needed to main­
tain the power at a relatively low level during most of 
the pulse while the plasma is being formed and then re­
lease a large fraction of the laser energy in a very short
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spike, thus achieving very high intensity in the self­
focussing filament.
Several types of experiments on laser plasma inter­
action, mainly related to laser fusion, require pulses of 
a similar nature and this has led to the development of a 
number of techniques which either modify the temporal 
profile of a single pulse or combine two pulses generated 
by different oscillators to provide the correct pulse 
shape.
Tailoring of a single pulse can be achieved either by 
stacking a number of picosecond pulses or by carving a long 
pulse into the desired shape.. In the first case the 
original short pulse is split into several pulses of differ­
ent intensity by a series of partial reflections [J.L.Hughes 
et al. 1974 , Thomas et al. 1976, Martin et al. 1976].
These are then recombined introducing small time delays so 
that the resulting pulse is stretched to a duration up to 
about ten times the original value.
While, in principle, this technique may provide us 
with the type of pulse we need , it poses several serious 
problems. For one thing, since the amount of stretching that 
can be achieved is limited, the initial pulse must be -100 ps 
long if a tailored pulse of nanosecond duration is required. 
This entails the use of an intracavity etalon in the oscillator 
to reduce the pulse bandwidth [DeMaria et al. 1966, 1969; 
Johnson 1971], which will lower the peak pulse power avail­
able. The alignment of the optics, which must be of inter-
55
ferometric quality, is very critical. In the case of 
multiple etalon pulse stackers the losses are considerable 
(up to 99.9% [Martin et al. 1977]) and the tailored pulse 
would then require further stages of amplification. The 
losses due to trapping of the radiation between the 
partially reflecting surfaces are eliminated in the system 
proposed by Hughes et al. [1974] where the partial reflect­
ors are replaced by annular mirrors. However, as the 
authors point out, this system causes non-uniform irradi­
ation of the target due to diffraction rings from the edges 
of the annular reflectors and to the localized nature of 
the reflected beam.
The use of optical gates to attenuate parts of a long 
pulse to give it the required shape is not suitable for our 
purposes. The rise-times of the gates (usually Pockels 
cells) limit the flexibility of the technique. The shortest 
spike that can be produced will have a duration of several 
hundred picoseconds and if a peak power of 100 GW is re­
quired, the pulse will still need to have an energy of 
several tens of joules. Moreover this system is considerably 
complex and costly. Neither of these two techniques has 
been proven successful in producing large ( ^  100 times) 
ratios between the peak and the average power of the pulse.
The superimposition of two pulses of different duration 
and peak power, generated by two different oscillators [see 
for example, Hughes 1972] is an alternative to the tailoring 
of a single pulse. The difficulty in this case arises in 
controlling the relative jitter of the two pulses.
The approach adopted by Reintjes et al. [1974] was
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basically that of chopping a small section ( v 20%) of a long 
(30 ns FWHM) Q-switched pulse in coincidence with 
a mode-locked pulse, without actually synchro­
nizing the whole output of the two oscillators with the 
required accuracy of < 1 ns. However, the need for the 
pulse chopper and a laser-triggered spark-gap can be 
eliminated, if the relative jitter between the two 
oscillators is reduced through careful design and appro­
priate choice of the operating conditions. This approach, 
described in the subsequent sections, makes the system con­
siderably simpler and more reliable, and allows the full 
energy of the Q-switched pulse to be used.
3.3 The Q-Switched Oscillator
We have built a Q-switched oscillator (QSO) consisting 
of a 7 5 mm long ( v-67 mm active length) Nd:Yag rod excited 
by a helical flashlamp. An uncoated plane parallel resonant 
reflector, 6 mm thick, acts as the output mirror, also pro­
viding a certain degree of longitudinal mode selection.
The totally reflecting mirror has a radius of curvature of 
2 metres. The transverse mode selection is achieved using 
a 1 mm aperture near the output mirror. The radiation 
travelling in the cavity is polarized horizontally by a 
dielectric polarizer. Q-switching is provided by a Pockels 
cell (Electro-Optics Developments Mod.EOD PC 12 KD). The cell 
is switched open when the electronic circuit controlling 
the voltage applied to it is triggered by the optical 
output from the MLO. The block diagram of the circuit is 
illustrated in Fig. 3.3.1.
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In order to superimpose the two pulses it is necessary 
to reduce the delay between the two oscillators' outputs 
to an amount which can be compensated by a not unreasonably 
long optical delay path ( < 20 * 25 m, corresponding to 
60 T 75 ns). More important, the relative jitter between 
the two pulses must be as low as possible, our target value 
being less than + 1 ns.
1 The delay between the emission of the mode-locked
pulse and that of the Q-switched pulse is the sum of the 
response time of the electronic circuitry and the build-up 
time of the Q-switched pulse. The Q-switching circuit 
consisted simply of a krytron crowbar switch acting on the 
Pockels cell.
The krytron (EG &G - Electronic Products Division,
KN 22) has a typical trigger delay of 40 ns, which, however,
Fig. 3.3.1. Block diagram of the Q-switching 
circuit. PD = pin photodiode; AMG =
Avalanche Marx Generator; K = Krytron crow­
bar switch; PC = Pockels cell.
can be reduced by up to 50% using a relatively high keep­
alive current ( > 300yA) and a fast rising trigger pulse of 
high peak amplitude (> 1000 V) as indicated by the manu­
facturer (E.G. & G. Data sheet KR-100). Such a pulse is 
generated by an avalanche Marx generator (AMG) circuit, 
capable of producing a pulse of amplitude greater than 
1500 V having a rise-time o f v 2 ns.
The overall delay of the AMG is of about 10 ns. This,
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summed to the delay of the krytron, brings the total delay 
of the electronics to about 30 ns. The build-up time of 
the oscillator will, therefore, have to be no greater than 
about 40 ns.
The build-up time is a function of the single pass 
gain in the laser rod and of the total signal augmentation 
required to bring the level of the radiation in the 
lasing mode from noise to a value of the order of a 
megawatt.
The gain G that the pulse experiences in a single 
round trip is given by
G = exp(2aNL - r) (3.3.1)
—19 2where a (= 8.8.10 cm ) is the cross-section for
*stimulated emission, N is the population inversion , L is 
the length of the lasing medium (^ 6.7 cm) and r the total 
loss coefficient.
In our cases the losses are mainly due to the output 
mirror, with minor contributions from diffraction (T^^ 0.95) 
and the losses due to the dielectric coatings of the 
polarizer and of the totally reflecting mirror (R2 = 0.99).
The reflectivity of a single plate etalon used at 
normal incidence is given by [Born and Wolf 1959]:
R' = ----4^ sln25/2 ,--  (3.3.2)
(1-R)2 + 4R sin26/2
*We will assume that N will not significantly change during 
the very short time of the pulse build-up and that the 
switching will occur when the inversion is at its peak.
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where R is the reflectivity of the plate surface ( -0.04)
A ^rrand 6 = —  din' is the phase difference between the waves
of wavelength XQ reflected by the two surfaces of the 
plate having a refractive index n' and a thickness d. The 
maximum reflectivity (sin 6/2 = 1) is R'  ^ 0.14 for R =. 0.04. 
The total loss coefficient in our case is therefore 
r - ~ln(R-^ . T^ . R 2 ) - 2.
The threshold for laser operation (G=l) is then ex­
ceeded when the population inversion is greater than
Nth = r/2aL * 1.7-1017 cm3 (3.3.3)
The total signal augmentation required is a function of 
the initial power which can be estimated by considering 
that the spontaneous radiation from the laser material 
will be emitted isotropically in a spectral bandwith Av 
determined by the fluorescence linewidth of the lasing 
transition. The emitted power will be proportional to the 
photon energy hv, to the population inversion N, to the 
mode volume v, and to the inverse of the fluorescent life­
time T . Of the power emitted only that falling within
the lasing mode bandwidth 6v and in the lasing solid angle
ß will be amplified. The initial power PQ can then be
calculated using:
P = 
0
, N 6 vhv — • -T—  • t Avf
ß
4 7T V (3 .3.4)
Assuming v = 0.06 cm3 , hv = 1.88 • io'19 J, N = 3.1017 cm
T = 240 ys , 6v/Av - 3. 10~2, = 4 7T
0 -63.10 , we have
Po “ 1.27.10"6 W
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to bring this power to the final value P - 1 MW we need
~  12a total amplification G^. ^ < 10 . The time required
to achieve this will be:
t = 2nl/c (3.3.5)
Here c is the speed of light, 1 is the optical length of 
the cavity. (In order to achieve a short build-up time 
considerable care has been taken to make the cavity as 
short as practicable (1 - 40 cm in our case).) n is the 
required number of round trips given by
Gtot = exp n(2aNL-r) (3.3.6)
n = (In Gtot)/2aNL-r (3.3.7)
The number of round trips n is a function of the peak 
population inversion N achieved in the rod. Having cal­
culated numerically this function from Eqn. (3.3.7) we 
can plot t vs N (Fig. 3.3.2). From this curve we can see 
that in order to have a build-up time not longer than
about 40 ns we require a population inversion greater 
17 -3than v 3.4 • 10 cm (ie. 2 times the threshold value N^) 
corresponding to a round trip gain of ^ 7.5.
In order to translate this requirement into easily 
measurable parameters, we have measured the minimum 
capacitor bank voltage (V.^ ) required to achieve lasing 
action: - 2.15 kV. Since the population inversion is
proportional to the pumping energy which, in turn,is pro­
portional to the square of the capacitor bank voltage, to 
achieve a population inversion greater than 2Nth we must 
operate the laser at a voltage >/2 -1.4 times the threshold
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p e a k  p o p u l a t i o n  i n v e r s i o n  (cm 3) x 10
Fig. 3.3.2. The QSO build-up time plotted as a function 
of the peak population inversion in the rod. The fig­
ures under the curve indicate the relative fluctuation 
in the population inversion which will cause a jitter in 
the build-up time of + 0.5 ns when the peak population 
inversion achieved in the rod is that indicated by the 
respective arrows.
value , ie. higher than about 3 kV.
3.4 Estimate of the Relative Jitter Between the Two 
Oscillators.
We now want to ascertain whether at this operating 
level the synchronization of the two oscillators can be kept 
within the preset limits of + 1 ns. The accuracy of the 
synchronization can be affected either by the capability of 
the QSO to absorb the jitter of the random external event 
(ie. the MLO output) which drives it and by the capability 
of the QSO itself to operate in a reproducible manner.
Let us consider the latter problem first. Assuming
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that the external trigger event will always operate the 
Q-switch at the time of peak gain, the question remains 
whether the jitter in the build-up will be less than, 
let's say, + 0.5 ns. The build-up time may be affected by 
a random change either in the population inversion or in 
the losses. The first possibility arises due to fluctu­
ations in the pumping energy, the second from random 
mechanical vibrations, thermal distortions, etc. While 
the latter effect can only be monitored experimentally and 
prevented by a careful mechanical design, the first can 
be estimated by examining Fig. 3.3.2. Here we see that 
the steepness of the curve decreases sharply for increasing 
gain. We have indicated at various points of the diagram 
the approximate maximum fluctuations in the peak population 
inversion that can be tolerated without the build-up time 
jitter exceeding + 0.5 ns. Since the minimum operating 
level of the oscillator is around 3 kV, corresponding to a
17 Opeak population inversion greater than about 3.4 x 10 cm 0, 
we require a jitter in the gain not greater than 0.7%.
A possible cause of serious shot-to-shot variations 
is the decay of the capacitor voltage once charging is com­
pleted. The voltage decreases at an initial rate of lit0.13% 
per second. An automatic fire device is therefore employed 
which fires the laser as soon as the preset voltage has 
been reached. When this device is used no variation could 
be observed in the value of the maximum voltage. (The pre­
cision of the measurement was better than 0.1%.) A vari­
ation was instead observed in the amount of charge remaining 
in the condenser after the firing of the flashlamp. This
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appeared to be the only cause of jitter in the flashlamp 
output which was also carefully measured by an integrating 
photodiode and found to be constant to within 0.4%, 
corresponding to a jitter of less than about 0.3 ns in the 
build-up time at the working level of > 3.0 kV.
We have assumed so far that the Q-switch opens when 
inversion is at its peak. In practice, this will not 
happen because the jitter of the mode-locked oscillator 
with respect to the firing of the flashlamp will cause a 
corresponding jitter in the Q-switching time. The popu­
lation inversion in the rod varies with time according to 
the equation:
3N(t)at K P(t) N(t)T (3.4.1)
where N is the population inversion, P is the flashlamp 
power, K is the pumping efficiency and t is the spontaneous 
decay time. The function P(t) for a critically damped 
flashlamp circuit is given by Marckiewicz et al. [1966] as:
V 2
P(t) = 0.8 I I (t)|3/2 • (3.4.2)
o
where VQ is the capacitor voltage, Zq = /L/C is the circuit 
characteristic impedance and I(t) is given by:
dl
dT + 0.8 11 115 +
rT
I dT' 
o
1 (3.4.3)
with T = t//~LC.
The function P(t) is plotted in Fig. 3.4.1 (curve a). 
In order to simplify the solution of Eqn (3.4.1) we may 
approximate P(t) with a Gaussian curve:
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Fig. 3.4.1. Pump power and population inversions plotted 
as a function of time. The capacitor voltage is 2.8 kV.
P(t) = K'V2exp-[(t-to) 2/w2] (3.4.4)
with K' and w determined empirically to best fit curve (a) 
of Fig. 3.4.1.
We may estimate the value of the pumping efficiency K 
using the threshold values of (determined empirically)
and of (obtained from Eqn. (3.3.3)) in Eqn. (3.4.4) and
(3.4.1).
We are now able to calculate numerically N as a funct­
ion of t (curve b of Fig. 3.4.1), and to evaluate the 
effect of the jitter of the Q-switching time as it effects 
the build-up time. This jitter is the sum of the time 
jitter of the signal supplied to the photodiode 
(ie.the jitter of the MLO output), with that of the Marx 
generator and the Pockel cell switch. The last two are in
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the sub-nanosecond range and are negligible compared to 
the jitter of the MLO output relative to the time of peak 
gain in the QSO.
This has been measured and it has been found that in 
75% of the cases the pulses are emitted within a time 
interval of 10 us while the remaining 25% may exhibit a 
delay, with respect to the most probable time, of up to 
25 ps •
Fig. 3.4.2 illustrates the effect of these fluctuations 
on the QSO build-up time. Here we show the increase in 
the build-up time ( At ) over the minimum build-up time 
(achieved when Q-switching coincides with the peak of the 
population inversion) plotted as a function of the delay 
(positive or negative) of the Q-switching time with 
respect to the time of peak gain. The curves are calculated 
for various values of the peak population inversion normal­
ized with respect to its threshold value.
In our case the minimum operating level of the laser 
(3 kV) causes a peak population inversion N - 2N^. Under 
these conditions only very few (^ 3%) of the MLO pulses 
would be so late as to cause a delay in the build-up time 
greater than 1 ns, while about 6% would cause a delay of 
- 0.5 ns. Most of the pulses ( >86%) would only cause a 
delay of less than 0.25 ns.
3.5 Experimental performance.
Experimental observations have shown that, when oper­
ated at or above the predicted voltage, the QSO is, in fact, 
capable of maintaining the synchronization with the MLO
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with the required accuracy. This is shown in Fig. 3.5.1. 
The photograph shows 4 successive shots of the two pulses 
reaching the same photodiode. The oscilloscope was 
triggered by the MLO pulse and the jitter of the long 
pulse with respect to it is less than 1 ns.
When the oscillators are operated together with the 
amplifier chain, however, a new cause of jitter appears.
Fig. 3.4.2. The increase in the oscillator build-up 
time At plotted as a function of the Q~switching time 
for various values of the peak population inversion 
(measured relative to the threshold value =
1.7 • 1017 cm-3).
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Fig. 3.5.1. Multiple exposure photograph 
of the synchronized pulses. The actual 
ratio between the peak powers of the two 
pulses is not apparent in this photograph 
because of the limited response time of 
the CRO. Sweep speed: 2.5 ns/div.
The Q-switched pulse advances with respect to the mode- 
locked pulse by up to v 3 ns, depending on the level of 
excitation of the amplifiers. It appears that some 
spontaneous emission from the high gain amplifiers acquires 
enough collimation, due to preferential amplification along 
the rod axis, to reach the QSO and increase the level of 
the radiation in the lasing mode present at the moment of 
Q-switching. The total amplification required to
achieve the maximum power of the pulse (and hence the 
oscillator build-up time) will then be reduced, resulting 
in an alteration of the synchronization of the two 
oscillators. In order to overcome this problem we have 
added a Pockels cell (PC 2 in Fig. 3.1.1.) to optically 
isolate the oscillators from the amplifiers. The cell is 
triggered by the same signal, supplied by the AMG, which 
triggers the Q-switch. The trigger pulse is delayed by 
25 ns so that the oscillator is isolated until the build­
up of the pulse has reached a stage where it is no longer
affected by the presence of amplified spontaneous 
emission.
Once the two pulses have been superimposed by suitably 
delaying the mode-locked pulse, the Q-switched pulse may 
be advanced with respect to the other by increasing the 
pumping level of the QSO, thus reducing its build-up time. 
By rotating the plane of polarization of the QSO output 
' it is possible to adjust the fraction of its output which 
is injected into the amplifier chain, thus varying the 
relative amplitude of the two pulses. If the plane of
25ns delay
A.M.G.
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Fig. 3.5.2. Schematic diagram illustrating the 
operation of the Pockels cell isolating the 
oscillator from the amplifiers.
polarization of the QSO is rotated by 90° and the laser 
layout is slightly rearranged, the Q-switched pulse will 
be reflected by the first polarizer of the Faraday rotator. 
This makes it possible to separate again the amplified 
pulses if this is required.
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Typical output parameters of the laser system are: 
short pulse:1.8J maximum energy in 25 ps (72 GW peak 
power); long pulse: 2.8 J in 7 ns (0.4 GW peak power).
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CHAPTER 4
EXPERIMENTAL INVESTIGATION OF SELF-FOCUSSING 
IN A LASER PRODUCED PLASMA
4.1 Choice of the Lay-out of the Experimental Apparatus
One of the specific features that was required from 
this experiment was that the self-focussed filament be 
accessible from either side so that the experimental tech­
niques developed during this study could be used, in the 
long term, for an experiment proposed by J.L.Hughes [1978]. 
The geometry illustrated in Fig. 4.1.1 was suggested.
From a more immediate point of view, diagnostics would be 
simplified if the filament could be observed from the 
output side of the plasma. The cone angle of the emerg­
ing light would provide information on the size of the 
filament (cf. Alcock 1972 and references therein), and 
measurements of the transmitted laser power would allow 
the maximum intensity in the filament to be roughly 
estimated. Another advantage that this geometry would 
have over the alternative of propagating the pulse in 
a direction normal to the target surface 
(Fig.4.1.2) is that it offers the possibility of using 
independent optics to focus the plasma-forming pulse and 
the main pulse. For example, an astigmatic lens,
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or an equivalent system, may be used to focus the plasma­
forming pulse into a line, thus forming an elongated 
plasma through which the main pulse could, in principle, 
be propagated for at least several hundred microns.
On the other hand, if a geometry of the type 
illustrated in Fig. 4.1.2 is used, a problem arises due 
to the existence of a region near the target surface, 
where the density of the plasma exceeds the critical 
value. This region is opaque to light having the same 
wavelength of the plasma-forming pulse and it cannot be 
investigated, for example, using interferometric techniques, 
except with a beam having a frequency much higher than the 
laser frequency [Sweeney et al. 1976]. A self-focussed 
filament could not propagate into the overdense region, 
although it is conceivable that the ponderomotive force 
could reduce the plasma density and hence allow limited 
propagation. Even if this were the case the strong X-ray 
emission from the dense and hot regions surrounding the 
filament would hinder its detection by means of X-ray
plasma-forming
pulse
Laser system with  
separate, synchronized 
outputs.
observer
main pulse
Fig. 4.1.1. Proposed experimental layout 
for investigation of self-focussing in a 
plasma. L-^ , = lenses; T = target.
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— ----------------------LOW POWER BEAM PATH.
-------------- - - — -SELF-FOCUSING BEAM.
Fig. 4.1.2. Alternative geometry for the 
experiment.
photography. This restriction of the X-ray diagnostics 
to a relatively small part of the plasma could therefore 
result in uncertainty in the interpretation of such ex­
perimental observations.
The problems associated with the refraction of 
light by the plasma were, however, overlooked when the 
geometry of Fig. 4.1.1. was suggested. Especially in the 
light of the results obtained from the computer simul­
ations which indicated that a plasma density of at least 
0.lNcr was required to obtain low self-focussing thresholds 
we will see that refraction cannot be ignored.
4.2 Ray Tracing in a Plasma Having a Linear Density 
Gradient
The refraction of a low power light beam has been 
investigated using a two-dimensional computer code which 
traces the propagation of light rays through a plasma 
having a linear density gradient. For such a plasma, the 
real part of the refractive index n = *^1 - N/Ncr will
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vary with distance as shown in Fig. 4.2.1. In the course 
of our simulations we have varied the size of the critical 
density region, the plasma density scale length and the 
size of the plasma source to simulate a range of possible 
experimental situations. We have also varied the initial 
position and angle of the input beam. Some of the plots 
obtained are reproduced in Figs. 4.2.2 and 4.2.3.
A number of points can be inferred from these dia­
grams: the deflection of a ray propagating through tfye
r e l a t i v e  d e ns i t y
O 1 2 3 4 5 6 7 8 9
DISTANCE (arb. units).
Fig. 4.2.1. Refractive index n in a plasma 
whose density varies linearly with distance.
plasma is virtually always significant. If a ray enters 
the plasma at near normal incidence, it will propagate 
for a considerable distance without being significantly 
deflected. Consequently it will reach the high density 
region of the plasma, where the refractive index is a
very strong function of the density (cf. Fig. 4.2.1) and 
it will eventually experience a drastic refraction and 
total internal reflection over a very short distance 
(rays a, b in Fig. 4.2.2). If we try to propagate a ray 
through only the low density region of the plasma we find 
that, because of the curvature of the density contour 
lines, the input angle will be such that again the ray 
will be considerably deflected (rays c,d). Only ray e 
experiences a small (yet not negligible) refraction, but 
the plasma density is so low ( < 0.035 Ncr) that the
Fig. 4.2.2. Refraction of rays entering a 
plasma at different angles with respect to the 
density gradient. The shaded area represents the 
super critical density region.
threshold for self-focussing would be extremely high (cf. 
section 2.6). Moreover, the ray is so close to the edge 
of the plasma (N = 0 in this model) that even the smallest 
refraction will rapidly remove it from the plasma. In any 
case in an experimental situation where alignment can be
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carried out with an accuracy of only 'v + 20 pm, and 
random effects exist, it may not be possible to pre­
determine exactly the relative position of the beam with 
respect to the plasma.
What is more important, unlike the single rays con­
sidered so far, a beam has a finite diameter not 
negligible compared to the plasma size. Therefore the 
beam profile will be distorted as different parts of it 
experience different degrees of refraction (Fig. 4.2.3). 
This distortion will cause a concentration of the beam 
energy in a small region (though not necessarily a focus. 
See Ghatak et al.[1979 a,b,]for a quantitative treatment 
of this phenomenon) and possibly cause plasma heating or 
other intensity-dependent effects. Because of the 
curvature of the plasma surface, a collimated beam will 
emerge in a diverging cone. Both effects would tend to 
give the false impression that self-focussing is occurring.
4.3 Properties of a Thin Foil Target
In order to avoid both the problems due to refraction 
and those associated with the existence of the overdense 
region we have used thin foil targets irradiated in a 
normal direction by both the plasma-forming pulse and the 
main pulse. A foil target allows us a certain degree of 
control over the maximum plasma density by choosing an 
appropriate thickness, (thus limiting the amount of 
material irradiated) so that the plasma production is soon 
terminated and the density drops just below the critical 
value by the time the main pulse arrives. Care must be
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Fig. 4.2.3. Propagation of a collimated beam in plasmas 
of different size and shape. The shaded area represents 
the super-critical density region. The black rectangle 
under the horizontal axis represents the part of the 
target irradiated by the plasma-forming laser pulse.
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taken, however, to make sure that the density will not drop 
too rapidly to values where the esf threshold would become 
very high.
A rough estimate of the foil thickness required may 
be made by assuming simple expansion models for the plasma 
[Ripin et al. 1976]. For example, we may consider that 
at the time of arrival of the main pulse the plasma will 
be a sphere of radius R = 100 ym having an average density 
N = 0.5 Ncr. Since the material evaporated was originally 
in a cylinder having the radius of the laser focal spot 
(r - 10 ym) and thickness corresponding to the foil 
thickness d, the following relationship will apply:
2 4 3Trr d • N - r tt R N s 3
23 -3where Ng is the solid state density - 10 cm (Fig.
4.3.1a). We then have d  ^ 66 ym. If we assume instead 
that the expansion will be essentially one-dimensional 
(ie. that the plasma will maintain a cylindrical shape) we 
may use (Fig. 4.3.1b):
Trr2 d N  ^irr22D N s
if we set D to 100 ym, N = 0.5 Ncr we have d = 1 ym. The
appropriate foil thickness, therefore, will be in the range
between some microns and some tens of microns.
We have tested the performances of three aluminium
foils having a thickness of 12,9 and 5 microns respectively,
irradiating them with plasma-forming pulses alone,having a
14 2duration of 7 ns and an intensity of v 1.2 x 10 W cm , 
and observing the transmission through the plasma as a
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(b)
Fig. 4.3.1. Three-dimensional (a) and unidimensional 
(b) expansion of a plasma.
function of time. No transmitted light was observed in 
the case of the 12 ym foil. The tests conducted using 
the 9 ym foil were also unsatisfactory since very little 
light was transmitted ( < 10%) and the shot-to-shot re­
producibility was poor.
The 5 ym foil on the other hand seemed to be quite 
adequate as a target. The plasma begins to transmit from 
about the time corresponding to the peak laser intensity 
and the transmission reaches - 60-70% in the second half 
of the pulse. This pattern is fairly constant over the 
range of laser power densities in which we are interested 
(3 • 1013 < I < 3 • 1 0 14 W cm- 2 ).
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Fig. 4.3.2. Density of a plasma formed by a 7 ns 
laser pulse irradiating a 5 ym thick aluminium foil, 
plotted as a function of the distance from the tar­
get. The laser peak power is ^  1.5 • lO1  ^w cm-2.
The density measurement (dashed line) is accurate to 
^ 30%.
The dependence of plasma density (and temperature) 
with axial density was measured at an intensity of 1.5 x 
10^ W cm  ^ for the 5 ym target, irradiated with the 7 ns 
duration pulse (Fig. 4.3.2. after Del Pizzo and Luther- 
Davies 1979b). The plasma density scale length was found 
to be 55 + 5 ym (to half-density) and the peak measured 
density - 9.102  ^cm ^. These values give sufficient propa­
gation distance through the plasma for which the density 
is high enough to obtain a low esf threshold.
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This data was obtained by a twin-pinhole X-ray camera
fitted with two different X-ray filters (75 ym Be plus
3 ym A1 for one pinhole and lOOym Be plus 3 ym Al for the
other), by using the technique described by Eidmann et al.
[1976]. (Since this measurement was not carried out by
the author, it will not be described here in detail.)
We are in a position now to assess the possible loss
of energy due to stimulated Brillouin scattering. Published
results (Ripin et al. 1974, 1977, 1979, Godwin et al. 1977,
Eidmann et al. 1979) indicate that in the case of an extended
14 -2plasma traversed by an intense ( > 10 W cm ) laser pulse, 
the fraction of energy backscattered varies from a few percent 
up to ~50%, depending on the laser intensity and the plasma 
size.
Ripin et al. (1974) give the following expression to
calculate the fraction of stimulated backscattering:
BSs « 0.35 — - • At (5 + log1Qn)
where BSs is the stimulated backscattering expressed in
_2percent, I is the intensity of the main pulse in W cm , At 
is the delay measured in ns, between the plasma-forming pulse 
and the main pulse and n is the ratio of the energy of the 
plasma forming pulse to the main pulse. In our case, since 
we are using the plasma forming pulse only, we set y = 1 and 
At = 3 ns (i.e. about half the duration of the pulse).
We then get, for I = 3.10^ W cm ^
BRs < 2%
This very low value is consistent with the high transmission 
observed in the second half of the pulse. Assuming that by 
then the peak plasma density has dropped to about 0.4-0.5 N
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and the temperature is 300-400 eV, we can calculate that for 
an aluminun plasma having a density profile and scale length
illustrated in Fig. 4.3.2, inverse Bremsstrahlung absorbs 
30-40% of the pulse intensity, thus ruling out the possi­
bility that other phenomena contribute significantly to the 
losses.
4.4 Experimental Apparatus
The experimental apparatus (Fig. 4.4.1) consisted of
-4an evacuated target chamber (pressure - 10 torr) at the 
centre of which the target (T) was positioned using an x-y-z 
micromanipulator operated from outside the chamber (not 
illustrated). Care was taken to make sure that the target 
mount did not obstruct the diagnostics and that it offered 
enough rigidity to allow accurate positioning of the target 
normal to the beam propagation direction.
The laser beam was focussed onto the target by a SORO 
f/1.5 lens having a focal length of 11.25 cm. The focal 
spot diameter was measured by substituting a glass slide 
coated with a thin layer of aluminium for the target. This 
coating was ablated by the focussed laser light (strongly 
attenuated). A series of shots were taken, gradually de­
creasing the laser intensity. An iso-intensity contour map 
of the focal spot was drawn from enlarged photographs of 
the ablated regions (Fig. 4.4.2a) and this allowed us to 
reconstruct the pulse intensity profile in the focal plane
(Fig. 4.4.2b). From Fig. 4.4.2b the diameter at e  ^of
*the peak intensity is measured to be - 1 5 + 3  ym. The
*This measurement was done using the Q-switched pulse only.
A previous measurement [Boreham et al. 1979] had shown that 
a very similar value is obtained in the case of the MLO 
using the same lens.
maximum laser intensity on target is therefore a few times 
1 0 ^  W cm  ^ when the QSO only was used and v 4 . 1 0 ^  when 
the tailored pulse is employed.
The temperature of the plasma was determined using 
a six-channel X-ray spectrometer, using PIN X-ray photo­
diode detectors (S). Unexposed Polaroid film, used as 
burn paper (BP), was mounted on a metal disc (D) which 
could be rotated from outside the chamber. The diameter 
of the burns produced allowed us to monitor variations in 
the cone angle of the transmitted light.
01
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re m o v a  bl e 
sc reen
Fig. 4.4.1. Experimental Apparatus. : F/l.5
lens; T = target; C = X-ray pinhole camera; S = 
pin diode X-ray spectrometer; BP = burn paper 
placed in the path of the beam by rotating disc D; 
1.2 = transmitted light collection optics; PD = 
photodiode. The infrared sensitive TV camera (TV) 
and the scattering screen are used for target 
alignment.
An X-ray pinhole camera mounted on an X-Y trans­
lation stage was positioned over' the target at a distance 
of 2 mm from the focus of the lens viewing normal to the
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Fig. 4.4.2. a: iso-intensity contour map of the 
focal spot; b: intensity profile of the pulse 
in the focal plane.
laser beam direction.
Alignment of the target was carried out with the help of 
a cw Nd-Yag laser whose beam divergence matched that of the 
pulsed laser (Fig. 3.1.1) and the use of an infrared 
sensitive TV camera, which was placed behind the chamber 
and viewed the beam which passed through the chamber to the 
scattering screen (see Fig. 4.4.1). The transmitted light
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collection optics and photodiode were translated laterally 
during the alignment.
When the target is moved into the path of the beam 
it projects a shadow on the scattering screen which is 
viewed on the TV monitor. The movement of the shadow is 
inverted with respect to the movement of the target if 
this is between the lens and the focus, while it is in the 
same direction when the target is behind the focus. When 
the target is exactly in the focal plane it does not cast 
a clear shadow and blocks the beam entirely when moved by only 
~ 10 * 15 ym.
Since thermal effects induced lens-like distortion 
in the amplifier rods when high power shots were fired, 
we have checked the position of the focal plane in this 
case. This was done by taking a multiple exposure photo­
graph of the plasma X-ray emission, moving the target 
axially between shots. The best focus corresponds to the 
smaller X-ray source (Fig. 4.4.3). Having determined the 
focus of the high power pulses we have subsequently 
corrected the alignment carried out with the low power cw 
laser by the required amount.
4.5 Temperature Measurements
The Bremmstrahlung emission per unit frequency inter­
val and unit volume from a plasma having a Maxwellian 
temperature distribution is given by the following relation­
ship [Elwert 1954] :
Ev = C-N •Niq2 (XjjA T J ^  g exp- (hv/kTe) 
where N and are the electron and ion densities
(4.5.1)
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Fig. 4.4.3. Multiple exposure photograph of the 
plasma X-ray emission, with the target moved 
axially between shots.
respectively, Xh s t i^e hydrogen ionization potential, g 
is the Gaunt factor, q is the ionic charge, Tg the elect­
ron temperature, C is a constant whose numerical value
-4 0 3(in cgs units) is 1.7 * 10 erg cm , v is the fre­
quency of the emitted radiation.
In the X-ray region of the spectrum (hv >> kTe) 
the exponential term in the RHS of Eqn. 4.5.1 is the pre­
dominant term and this offers the possibility of determin­
ing the plasma temperature by comparing the intensity of 
the X-ray continuum emission at various points of the 
spectrum. Only relative measurements are required for this 
purpose.
A six-channel X-ray PIN diode array [Luther-Davies 
1977] was used for this measurement. The spectral range 
over which the instrument operates is determined by the 
characteristics of the filter foils mounted in front of 
the diodes and by the absorption functions of both the 
entrance window and the active volume of the silicon diodes.
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The transmission of X-ray radiation through a foil 
of thickness x and density p is given by:
Io
e-apx (4.5.2)
where I and I, are the initial and transmitted intensities o t
respectively and a, called the mass absorption coefficient, 
is given by:
' a = C An = K/v11 (4.5.3)
Here A and v are respectively the wavelength and the fre­
quency of the radiation usually measured in Angstroms and 
eV respectively and C, n and K (= C.12396n) are constants.The 
frequency vc for which I = I e ^ :
vc = (Kpx)1/n (4.5.4)
is called the cut-off frequency of the foil.
*We have used Aluminium foils as filters. The cut­
off frequencies of Aluminium foils of different thickness
* * *are given below :
*p, ^  = 2.7; C = 14.3, n = 2.83 for frequencies higher
than that of the K-edge (1559 eV); C = 1.1, n = 2.663 
for lower frequencies.
**For very thin foils (< 15 ym) transmission at frequencies 
below the K-edge is greater than e“-*-. Therefore the 
definition of cut-off frequency is met twice, both above 
and below the K-edge frequency. We have indicated in 
parenthesis the cut-off frequencies (and the corresponding 
wavelengths) below the K edge for foil thicknesses up to 
10 ym.
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Al foil thickness 
(ym)
Cut-off frequency 
(eV)
Cut-off wavelength 
(A)
3 (885.7) 2562.2 (13.99) 4.84
5 (1074.3) 3072.6 (11.53) 4.03
10 (1393.7) 3925.4 (8.89) 3.16
20 5014.8 2.47
30 5787.3 2.14
40 6406.5 1.93
50 6932.2 1.79
60 7393.5 1.68
70 7807.3 1.59
80 8184.6 1.51
90 8532.4 1.45
100 8856.0 1.40
In choosing the thickness of the filter for the six 
channels of the array we have tried to block line radi­
ation (having a frequency <2000eV) and the Bremmstrahlung 
radiation of frequency below that corresponding to the K- 
edge of aluminium.
In Fig. 4.5.1 we plot the transmission as a function 
of frequency calculated for various values of the foil 
thickness. The 20 ym foil blocks almost all of the radi­
ation emitted below 2000 eV and it has, therefore, been 
chosen as the filter for the first channel of our array.
The other five filters were 30, 40, 50, 60 and 70 ym thick 
respectively.
We have calculated the signal expected from the 
diode as a function of the cut-off frequency and the plasma 
temperature using the equation [Cuderman et al. 1975]:
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Q =
00
r
R ( v ) I (v,T)dv (4.5.5)
Jo
Here Q is the charge output of the diode, I(v,T) is the 
intensity of the radiation, and R(v) is the response funct­
ion of the diode, given approximately (neglecting Compton 
scattering) bv:
R (v) * Ta 1 (v) ’ TSi(v) ‘ ESi(v)
where TAl = exp(- otAlPAlx ) is the transmission function 
of the aluminium filter, T (^v) = exp(-as  ^ xdl^ is t i^e
transmission function of silicon entrance window (dead
0.75 -
0 .25 -
V (KeV)
Fig. 4.5.1. Transmission (T) as a function of 
frequency calculated for different A1 foil thickness, 
a = 5 ym; b = 10 ym; c = 15 pm; d = 20 ym.
layer) of thickness x ^  = 0.8 ym, [Quantrad Corp., L.A.] covering 
the diode active volume, and E^ .(v) = 1 - exp{- (^sipSixa b ^  
in the absorption function of the active region of the diode 
having a thickness x ^ of 250 ym.
The outputs calculated for various values of the 
filter foil thickness x, were normalized with respect to
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(KeV)
f i lle r  c u t- o f f  energy
Fig. 4.5.2. A : calculated output from the diodes as 
a function of the filter cut-off energy, for various 
values of the plasma temperature. (Vertical axis units 
are normalized with respect to the output of the first 
diode). B : experimental points superimposed to
the calculated curves indicate that in this example 
the plasma temperature was -700 eV.
the first channel (x = 20 ym) and the calculations were 
repeated for a range of plasma temperatures between 100 
and 1000 eV. The results are plotted in Fig. 4.5.2a. To 
determine the plasma temperature the signals from the six 
diodes, again normalized with respect to the output of the 
first one, are superimposed on the set of calculated 
curves (Fig. 4.5.2b).
In general it has been found that the experimental
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points can be fitted reasonably well to one of the curves. 
This indicates that the X-ray emission is consistent with 
the Bremmstrahlung equation and is therefore characterized 
by a single temperature Maxwellian electron distribution.
It should he noted that although the X-ray emission is 
integrated by the comparatively slow response of the 
diodes, the temperature measured is substantially the peak 
electron temperature. This is due to the very strong 
dependence of the X-ray radiation on the temperature in 
this region of the spectrum where hv >> kT.
We have measured the temperature of the plasma pro­
duced by irradiating with our plasma-forming pulse (7 ns 
FWHM)firstly the 5 ym Aluminium target and subsequently a 
thicker (^12 ym) aluminium foil. The measurements have 
been repeated for various values of the laser intensity.
The 5 ym target transmits a sizable part of the laser 
energy and produces a less dense, and hence less absorbing 
plasma (see section 4.3). Consequently the temperature is 
about 30 t 40% lower than that measured in the case of the 
thicker target. At low laser intensities this results in 
a very small signal from the diodes, and a greater un­
certainty due to the poor signal to noise ratio and we have
therefore limited the measurements to values around
nn14 tt " 2  10 W cm
Figure 4.5.3 indicates that the temperature of the 
plasma created irradiating a 5 ym thick aluminium target 
with a 7 ns laser pulse is about 200 eV for a laser in-
-i o  —  2 .tensity  ^ S.IO-10 W cm increasing to about 400 eV for an 
intensity - 3.10^ -4 W cm“ .^
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intensi ty ( W  c m 2)
Fig. 4.5.3. Plasma electron temperature as a function 
of the laser intensity on target. Solid line: 12 ym 
A1 target; dashed line: 5 ym Al target. The crossed
dot indicates the value of the temperature obtained 
using the X-ray twin pinhole camera (Fig.4.3.2).
According to the calculations illustrated in Figs. 2.6.3
and 2.7.1 (curve a') these temperatures give an efficient self-
14 -2focussing threshold around 10 W cm for a beam propa­
gating for about 180 ym through an Al plasma having an 
electron density of between 0.1 and 0.8 Ncr and about 
twice this value for a distance of propagation of 90 ym 
(Fig. 4.5.4). We can therefore expect to achieve self­
focussing in the plasma-forming pulse itself. On the 
other hand a reduction of the intensity of this pulse would 
result in a lower plasma temperature and consequently in 
a higher self-focussing threshold which could not be ex­
ceeded by either pulse. Therefore we have decided to use 
the Q-switched pulse alone in our first attempts to de­
tect self-focussing, and to use the tailored pulse only at
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Te = 400 eV
p l as ma  densi ty  ( c m : 3)
Fig. 4.5.4. esf thresholds as a function of the plasma 
density for T = 400 eV • Steady-state conditions are 
assumed to apply in determining both the self-focussing behaviour and the degree of ionization of the aluminium 
plasma. The initial laser beam diameter is 18 pm. The 
propagation distance is 90 pm.
a later stage. Allowing for random effects we can expect 
to observe self-focussing but not consistently, when we 
use diagnostics relying on intensity enhancement within a 
filament. However we should obtain more repeatable 
results using the burn paper to monitor the beam divergence 
since this measurement does not require intensity enhance­
ment. We only need enough transmission to produce a burn 
and we can tolerate a colder plasma'.
4.6 Angular Distribution of the Transmitted Light
In order to examine the spatial profile of the beam
transmitted through the chamber with and without the target
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in the position we have used an apparatus similar to that 
described by R. Palmer [1974] . The circuit feeds to an 
oscilloscope the signal contained in a single ras.ter line 
of an IR sensitive vidicon tube. The whole image as seen 
by the vidicon is displayed on a TV monitor. An adjust­
able delay allows us to select the raster line which is 
fed to the oscilloscope, and to send a reference signal 
to the monitor, indicating the position of the line with 
respect to the image (Fig. 4.6.1).
(a) (b)
Fig. 4.6.1. (a) laser beam as seen by the IR camera.
The intensity of the image along the white line is 
fed to an oscilloscope, thus giving the beam intensity 
profile (b) . The fine fringe pattern, resulting in a 
high frequency modulation in (b) is due to interfer­
ence on the vidicon photocathode and is not a feature 
of the laser beam.
Fig. 4.6.1a shows an image of the beam passing through the 
chamber when the target is not in place. The elongation 
in the image is due to angle of viewing of the camera.
The dark region in the centre of the image is caused by 
the hole drilled in the centre of the lens L-^ to prevent laser- 
induced damage to the lens. The steep sided profile of 
the beam (displayed in Fig. 4.6.1b) is a consequence of the
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non-uniform excitation of the amplifier rods. As the 
wings of the original pulse travel through the more 
strongly excited outer region of the rods they are ampli­
fied more than the pulse peak.
When the focussed beam emerges from the plasma, how­
ever, the beam profile is again smoothed out (Fig. 4.6.2)
Fig. 4.6.2. Oscilloscope trace showing the profile 
of the beam emerging from the plasma. The dotted 
curve is a Gaussian fit to the trace.
and can be approximated very well with a Gaussian curve.
We have also used unexposed Polaroid film type 47 
(developed for about 30 seconds and uncoated) as burn 
paper. The film was mounted on an aluminium disc placed 
20 mm behind the target, normal to the beam axis. The 
disc was rotated from outside the chamber to present a 
new portion of film after each shot. An aperture in the 
disc allowed the target to be observed so that alignment 
could be carried out after each shot without removing 
the disc. Still using the Q-switched pulse only, we 
have taken a series of burns with and without the target 
in the focus of the beam for different values of the
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laser power. The diameter of the burns obtained are 
plotted in Fig. 4.6.3 as a function of the peak laser in­
tensity on the focal plane.
Curve a shows two interesting features: a) for high
laser power the diameters of the burns in curve a are con­
siderably larger than those of the burns obtained without
a) 5 ^ j m AI t a r g e t
b)  No t a r g e t
2 x 10 3 x 10
l aser  i n t en s i t y  ( W / c m 2)
Fig. 4.6.3. Burn diameter as a function of the laser 
intensity on the focal plane.
a target indicating that the beam angle is increased due
to the presence of the plasma. b) the curve shows a
kink in correspondence to a laser intensity on target of 
13 -2-5*10 W cm . This kink is a strong feature of the 
curve and it could be reproduced repeatedly.
In Fig. 4.6.4 we show two calculated curves which 
are used to suggest an explanation for the behaviour of 
the experimental points. We make the simplifying 
assumption that the plasma transmission is constant. This 
is acceptable since we have observed that the energy 
transmission increases sharply above an intensity of
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13 -2'v 10 W cm for increasing laser intensity reaching 
about 40% of the maximum value before the film damage 
threshold is exceeded and it saturates before the kink 
in the curve is observed.
In the case of a beam with a Gaussian profile the 
burn size can be calculated using the following formula:
r = w /in E - An E-, (4.6.1)IuclX Q
where r is the burn radius, w is the beam half-width in 
the film plane measured at e  ^of the pulse peak, Emax 
is the pulse peak energy density on the film plane and 
is the threshold damage of the Polaroid film 
(determined empirically).
We first use Eqn 4.6.1 to determine w using the 
values of r measured from the burns obtained for low laser 
outputs and we obtain w = 2.7 mm. Since the distance of the 
burn paper from the focus is 20 mm, we obtain a half cone
angle 0 = arctan — - - 0.14 rads = 7.7°.
20
We have already pointed out that the beam profiles of 
the transmitted light differ considerably depending on 
whether the beam has traversed the plasma or not. There­
fore it is not possible, strictly speaking, to compare the 
light cone angle in the two cases. However, using curve b 
of Fig. 4.6.3, we can calculate that, in the absence of 
target, the beam half-width at e  ^of the peak is about 
3 mm in the plane of the film. This corresponds to a half 
cone angle of ^8.5°. It is reasonable, therefore, to con­
clude that at low power the beam angle is not significantly
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l a s e r  i n t e n s i t y  ( w / c m 2 )
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Fig. 4.6.4. a) Burn diameter as a function of the laser 
intensity on the focal plane calculated for a beam with 
a Gaussian profile and a half-width at e“l of the maxi­
mum on the film plane w = 2.7 mm. b) Burn diameter cal­
culated for a Gaussian pulse having an e”-*- half-width on 
the film plane w = 4.6 mm.
affected by the presence of the plasma.
We now calculate the burn size as a function of the
laser energy, again using Eqn. 4.6.1. assuming the beam
width w to be 4.6 mm, that is 1.7 times the previous value.
The peak energy density has accordingly been decreased by
2a factor of 2.89 (i.e. 1.7 ) to account for the fact that,
for a given laser intensity in the focal plane, the energy
on the film will be spread over a wider area than in the
previous case. The curve so calculated fits well the
experimental points obtained for high laser power.
We suggest, therefore, that when the laser intensity
13 -2on target exceeds about 5*10 W cm , self-focussing due
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to the ponderomotive force occurs and the beam collapses 
in a small filament. The transmitted light cone angle 
will then be determined by diffraction rather than by the 
focussing optics. We can estimate the diameter of the 
filament using the formula for diffraction of a Gaussian 
beam [Kogelnik and Li 1966]:
X / TTW. (4.6.2)
where A is the laser wavelength, w q the filament radius at 
e  ^ of the peak intensity and 0 the half-angle at e  ^ of
the maximum. We have 0 * 4.6/20 0.23 , and:rad
wQ - 1.5 ym (4.6.3)
This is about 5 times smaller than the initial focal spot 
radius (cf. Fig. 4.4.2b).
The fact that the burns obtained at high laser power 
all fit the same calculated curve even as the laser in­
tensity increases almost by one order of magnitude is con­
sistent with the hypothesis that ponderomotive force self­
focussing is occurring. Once self-focussing has begun, the 
decrease of the plasma density in the filament and increas­
ing diffraction slow down the focussing process and espec­
ially when the initial beam diameter is very small, as in 
our case, the filament size may maintain a nearly constant 
value even as the laser intensity is increased until 
saturation occurs [Siegrist 1976] .
We cannot rule out yet the possibility that the in­
crease in the beam divergence is due to refraction of the 
beam in the plasma corona. However, it is important to
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note that the experimental points fit the first of the two 
calculated curves up to a point roughly corresponding to 
the esf threshold predicted by our computer simulations 
for our plasma parameters. For higher laser intensities 
the points fit only the other curve.
Should the variation in the beam divergence be due 
to refraction, we should not expect to observe a 
threshold between two rather well defined beam diverg­
ences, but rather a continuing variation as the plasma 
size and density vary with the laser power.
Another indication in favour of the self-focussing 
interpretation was obtained when the experiment was re­
peated after having changed the laser beam divergence by 
a factor of v 1.5. The half-cone-angle 0 of the light 
transmitted through the plasma (this time measured using 
the vidicon scan technique described at the beginning of 
this section), was found to be again 0 - 0.23 rad when
-| '-y "“2the laser intensity exceeded ^ S’lO1-3 W cm . This 
supported the theory that the angle was determined by 
diffraction from a small filament and not by the geometry 
of the optics.
4.7 Evidence of Self-Focussing From X-ray Photography
The reduction of the filament size from the initial 
diameter of about 15 ym (Fig. 4.4.2) to about 3 ym esti­
mated from the burn paper tests (Eqn. 4.6.3) should result 
in a considerable increase in its intensity, even when 
absorption is taken into account (about an order of 
magnitude when the efficient self-focussing threshold is
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exceeded according to our computer prediction). We expect 
this increase to produce some localized heating in the 
plasma. We have attempted to detect this through X-ray 
photography using a single exposure pinhole camera designed 
to offer high spatial resolution together with reasonably 
good exposure (Fig. 4.7.1).
The resolution of a pinhole camera having a magnifi­
cation much greater than 1 is given by [McCall 1977]:
R ~ / d 2 + (1.22 ^ D)2 (4.7.1)
where d is the pinhole diameter, X the radiation wavelength 
and D the distance from the source to the pinhole, which 
for maximum resolution should be as small as practical (2 mm 
in our case). The optimum pinhole diameter will be a compromise 
between the limitations due to geometrical optics (requiring an 
infinitely small pinhole)and those due to diffraction(requiring 
the pinhole diameter to be much larger than the wavelength 
of the radiation entering the camera). The optimum pinhole 
diameter is therefore that for which the two terms on the 
RHS of Eqn. 4.7.1 (respectively due to geometrical optics 
and diffraction) will give approximately the same contri­
bution to the camera resolution. We have then:
d = / 1.2XD (4.7.2)
The maximum value of X is determined by the transmission 
characteristics of the X-ray filter foil fitted to the 
cameras. Test photographs taken using pinholes of various 
size and different filters have shown that the amount of
100
radiation emitted in the X-ray band around 1 keV by our 
source was rather limited and hence it was necessary to 
extend the bandwidth of the filter as much as possible to 
obtain adequate exposure of the film. Although this in­
creases diffraction at the pinhole as radiation of longer 
wavelength is transmitted, the camera resolution is not 
significantly affected while the quality of the photographs 
is greatly improved. The thinnest filter available was an
o u n t i n g  b r a c k e t
AI filter
■0-  ri  n g
2 0 m m
p i n h o l e  m o u n t
pinhole
Fig. 4.7.1. X-ray Camera
Aluminium foil having a thickness of 0.75 ym (supplied by
Goodfellows Metals, Cambridge, U.K.) but since the foil
contained numerous pinholes it was necessary to double it
up to make the camera light tight. The cut-off energy was
othen vc - 688 eV corresponding to a wavelength of 18 A.
Unfortunately the possible presence of strong line radiation
in the spectral range transmitted by the foil prevents us
from using the Bremmstrahlung emission equation to obtain
quantitative information from the photographs so obtained.
oThe optimum pinhole diameter for X = 18 A is 2 ym,
resulting in a resolution of about 3 ym. We have therefore
used a pinhole having a nominal diameter of 2 |im; the 
measured diameter, however, exceeded this value and was 
about 3 pm but this changed the camera resolution only 
marginally to % 3.3 pm. It is worth noting that the 
definition of resolution given by McCall [1977] is more 
restrictive than the usual Rayleigh criterion. The first 
assumes that two points are resolved when the image of one 
is completely separated from the image of the other, while 
the Rayleigh criterion assumes that two points can be re­
solved even when there is a considerable overlap of the 
two images [Feynman et al. 1963].
We have limited the camera magnification to xlO in 
order to obtain sufficient exposure of the film. The exact 
magnification was verified by taking a series of shots in 
the same frame, moving the target by a known amount between 
shots and comparing this with the separation of the images 
on the film.
The film used was Kodak Kodirex developed in Kodak 
DX-80 for 4 minutes at 20°C according to the manufacturer's 
instructions and fixed for five minutes in Kodak X-ray 
fixer #405 1611.
The camera was mounted over the target with its axis 
normal to the laser direction. The edge of the target was 
raised 15 + 5ym over the center of the focal spot. (Fig. 4.7.2) .
For this experiment we have continued to use only the
Q-switched oscillator and have operated the laser at its
maximum power, obtaining a peak power density on target
14 -2between 1.5 and 2.5 x 10 W cm at which level the calculated
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esf threshold is exceeded.
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We have first taken a number of photographs using a 
10 ym diameter pinhole. (In .this case the camera resolution 
is virtually equal to the pinhole diameter.) In .the 
majority of these photographs a single bright filament, 
having a diameter of the order of the camera resolution is 
clearly visible (Fig. 4.7.3).
The filament originates in front of the target in the 
brighest (that is the hottest and/or most dense) region of 
the plasma where self-focussing is most likely to occur and
To tX-RAY
Ca m  era
LAS E R
BEAM
TARGE T
Fig. 4.7.2. Position of the target with respect 
to the focussed laser beam.
it can be followed for up to about 40 pm behind the target.
To make the filament more visible we have inserted in
the camera a 5 ym thick Al foil thus cutting off the radi-
oation having a wavelength longer than about 10.5 A. In 
this case the emission from most of the plasma is absorbed 
by the filter, but the filament remains clearly visible 
indicating that the plasma around it is hotter (and 
possibly more dense) than the rest of the plasma, with the 
exception of those parts immediately adjacent to the target.
The bright emitting filamentary region is about 70 -r 80ym
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Target Position
f---------— I50 ym
Fig. 4.7.3. X-ray Photograph of the Plasma 
Showing a Bright Filament.
long, originating from a point about 35 v 40 ym in front of 
the target. From Fig. 4.3.2 we deduce that at this point 
the beam has propagated for over 100 ym through a plasma 
having a density higher than 0.1 Ncr and a temperature be­
tween 250 and 350 eV. These values are very close to
those predicted by our calculations to give an esf thres-
1 4  — ?hold around 1.5 t 2 • 10 W cm when steady-state condit­
ions are achieved.
Target PositionI
I--------- 150 y m
Fig. 4.7.4. Emission from the filament 
filtered through a 6.5 ym thick Aluminium 
filter.
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The very close match between the predicted and experi­
mental parameters may also be responsible for the fact that 
the filament is not observed in every photograph.
When the 3 pm pinhole is mounted, the photographs 
become less clear to interpret since the exposure of the 
film is strongly reduced. However the filament is still 
clearly visible in about 35% of the cases (Fig. 4.7.5), 
while in the other the image is very faint and confused.
Hot spots have been observed in some of these photographs 
but it was not possible to determine whether they were 
related to the propagation of the beam.
Target Position
»-----1
5 0 pm
Fig. 4.7.5. High resolution ( ^  3 pm) X-ray 
photograph of the plasma. Close examination 
of the filament reveals that its core is 
less bright than the outer region.
A very careful examination of the filament in Fig. 
4.7.5 reveals that in the target plane the centre of the 
filament is not as bright as in the outer regions. This 
is confirmed by microdensitometer scans (Fig. 4.7.6) 
showing that this feature of the filament can be followed 
continuously for a considerable distance (v 15 pm) (traces 
a and b in Fig. 4.7.6) and it is not due to film grain or
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other spurious causes.
Using a computer code [Larkin 1969] we have performed 
an Abel inversion of the densitometer traces, thus obtain­
ing a plot of the plasma brightness as a function of the 
radial distance (Fig. 4.7.7 a, c, c',d). This depression 
of the plasma brightness is most clearly visible near the 
plane of the target (Traces a,b in Fig. 4.7.6, curve a in
DISTANCE {(jm)
Fig. 4.7.6. Microdensitometer scans of the photo 
shown in Fig. 4.7.5. Trace a was taken along the 
target plane (arrow a in Fig. 4.7.5). Trace b was 
taken immediately behind the target along the 
direction of arrow b in Fig. 4.7.5. Traces c and 
d were taken further behind the target, in corres­
pondence of the respective arrows in Fig. 4.7.5.
Fig. 4.7.7) possibly because the edge of the target screens 
out some of the background radiation (this screening effect
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radial d is tance  (pm )
Fig. 4.7.7. Top - ap, dp; computer produced plots of the 
film optical density (based on digitized data obtained 
from the densitometre traces a and d of fig. 4.7.6.) and 
the corresponding Abel inversions (curves a2 and d2)- 
Bottom - curves cl and cj_ are both consistent with the 
data obtainable from trace c of fig. 4.7.6. Curves 
C2 and c^ are the corresponding Abel inversions.
Note that the scale of the vertical axis is not the same 
for all the plots since the curves are automatically 
normalised to fit into the plotter's field.
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has been observed in a number of other photographs and 
sometimes has been helpful in locating the filament).
It is also clearly visible where the plasma brightness as 
a whole decreases, about 35 ym behind the target.
Whether this depression is still present in position c is 
not possible to tell with certainty. A very small dip is 
just visible at the tip of the trace. If this is neglected 
' (which is permissible since this feature is smaller than 
other modulations in the trace due to film grain) the 
filament appears as a solid peak about 5 ym wide at half 
maximum (Fig. 4.7.7, curve C2)• However, the small dip is 
also consistent with the existence of a narrow depression 
which cannot be adequately resolved by our camera.
The separation of the two peaks at the top of the fila­
ment is only ^ 3 ym. (This is more clearly visible from 
the computer plotted curve c'-^ .) This distance is 
slightly less than the camera resolution as calculated at 
the beginning of the section (3.3 ym). However there is 
no contradiction here, since, as already pointed out, the 
McCall resolution criterion is very restrictive. In this 
case it indicates that although it is possible to perceive 
the existence of two separate sources 3 ym apart, their 
images on the film plane will overlap to some extent.
This means in our case that the depth of the depression 
is probably much larger than that appearing from the Abel 
inversion of the scan of the optical density on the film. 
(Curve c '2 in Fig. 4.7.7.).
Assuming that the plasma temperature will not vary 
appreciably across the few microns diameter of the fila-
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ment wc may interpret the variation in the plasma bright­
ness as follows.
The very intense self-focussed filament causes an in­
crease in the temperature of the plasma around it. This 
hotter plasma sheath is responsible for the peak in the 
curve of the plasma emission intensity and for the bright 
filament visible in the photographs. However, since self­
focussing in our case is entirely due to the ponderomotive 
force and steady-state conditions are reached in the 
plasma, we expect the plasma density in the region traver­
sed by the filament to be strongly depleted according to 
Eqn. 2.4.8. This low density region will have a much 
lower emissivity (cf. Eqn. 4.5.1) reflected by the 
depression in the curves , c'? and in Fig. 4.7.7).
With consideration to the limitations due to the 
camera resolution, and to the approximate validity of the 
Abel inversion we also find a quantitative agreement be­
tween the filament diameter as estimated from the beam 
divergence measurement (Section 4.6) and the inner diameter 
of this hollow sheath of plasma surrounding the self- 
focussed filament. The inner diameter at 1/e of the maximum 
depression is about 4 pm in the target plane, apparently 
decreasing to a value too small to be measured at a point 
about 20 pm behind the target and then becoming broader 
(^ 6 pm) about 35 - 40 pm behind the target, where 
diffraction overcomes the self-focussing action as the 
plasma density decreases.
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4.8 Tests with the Tailored Pulse
We have not made extensive use of the tailored pulse 
to date. A limited number of tests were carried out 
during which the mode-locked pulse was superimposed to 
the peak of the plasma forming pulse. We have observed 
results similar to those obtained using the Q-switched 
pulse alone.
The X-ray photographs again showed clear signs of 
filamentation but the higher temperatures obtained when 
the plasma was traversed by the 72 GW mode-locked pulse 
made a quantitative study of the photograph extremely 
difficult. For example, when an additional filter was 
added inside the camera, the filament was isolated from 
the background radiation as in Fig. 4.7.4. but in this 
case, a region of several microns all around the filament 
was heated to such an extent that it was not possible to 
discern any trace of structure inside the filament and 
this makes an estimate of the filament size very diffi­
cult .
We have also repeated some tests on the transmitted 
light using burn paper to measure the variation in the 
cone angle. Again we have observed a strong increase in 
the diameter of the burn when the pulse traversed the 
plasma. When the appropriate corrections for the in­
creased pulse energy were made it was found that the 
transmitted light propagated in a cone having a half angle 
at e  ^of the maximum 0 - 0.25 rads, which is about 10% 
wider than the angle calculated when the Q-switched pulse 
alone was used. Using again Eqn. 4.6.2 we get the filament
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radius:
w = ^  = 1-36 pm0 7T
The very small variation in the estimated size of the 
filament in the two cases is consistent with the pre­
diction that the ponderomotive force associated with the 
plasma forming pulse would be the predominant factor in 
determining the self-focussing behaviour.
4.9 Conclusion
In these experiments we have closely reproduced the 
laser and plasma parameters for which, according to our 
computer simulations, self-focussing was expected to 
occur. We have observed that when the calculated 
threshold was exceeded, measurements of both the laser 
light transmitted through the plasma and of the spatial 
properties of the x-ray emission from the plasma indicated 
that self focussing had occurred. In particular, the 
divergence of the beam emerging from the plasma increased 
significantly when the laser intensity on target exceeded 
5.10^^W.cm^. We found that the variation in the divergence 
as a function of the laser intensity was more consistent 
with the hypothesis that it was due to diffraction from a 
small filament than to refraction in the plasma corona, 
since it exhibited an abrupt increase at the laser 
intensity predicted for self-focussing. Further evidence 
supporting the interpretation that self-focussing had 
occurred was obtained from x-ray photographs which
Ill
showed bright filaments and evidence of these filaments 
having a "hollow" core with a diameter of the same order 
of that estimated from the light divergence measurements. 
The x-ray photographs also rule out the possibility that 
filamentation was due to a lens-like effect caused by the 
fact that, after the target has been perforated by the 
leading edge of the laser pulse, the on-axis plasma 
density may be lower than that existing in the 
surrounding region, where new material continues to be 
evaporated by the wings of the laser beam. (Focussing of 
a CC>2 laser pulse due to this mechanism was observed 
by Pumsby et al [1977] when the beam traversed a ring 
target in which plasma was generated by irradiating its 
inner walls.) In our case self-focussing occurs well in 
front of the target as is apparent from fig.4.7.4.
The fact that estimated diameter of the filament 
is substantially bigger than the diffraction limit 
(-1 ym), is also predicted by the theory of ponderomotive 
force self-focussing since depletion of the plasma 
density saturates the self-focussing process 
[Siegrist 197 6 ].
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CHAPTER 5 
CONCLUSION
5.1 Summary of the Results Reported
This thesis describes the results of theoretical and 
experimental studies of self-focussing of a laser beam in 
a laser-produced plasma. A computer code has been used to 
calculate the threshold for self-focussing for a wide range 
of laser and plasma parameters. Particular emphasis has 
been placed on investigating the role of plasma density, 
ionic charge and temperature and the laser pulse duration 
in determining the self-focussing behaviour. In order to 
obtain through self-focussing an observable effect within 
the plasma (such as hot-spot formation) we have introduced 
a particular definition of self-focussing (efficient self­
focussing) which requires that the peak laser intensity in 
the filament should exceed the maximum input intensity of 
the beam by one order of magnitude. The adoption of this 
definition is particularly important for absorbing plasmas 
in the transient regime(short laser pulses) where self­
focussing could occur but would probably be undetectable 
since only a very small fraction of the input power becomes 
concentrated into a small filament. The computations have
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placed several restrictions on the laser and plasma 
parameters required to achieve the lowest self-focussing 
thresholds. Comparatively high plasma temperatures 
( - 500 eV) are required to minimise absorption after a 
propagation path of 100f200 ym at an average plasma 
density of 0.3 t 0.4 Ncr.
We have described the design and operation of a 
specifically modified laser system generating a tailored 
pulse having a high peak power ( ^70 GW) and yet a
duration such that the type of plasma required could be 
produced.
The parameters of this plasma have been measured 
and it has been found that they satisfy the minimum 
requirement for self-focussing as predicted by the 
computer program.
We have reported experiments which, in these con­
ditions, gave evidence of filamentation of the laser beam. 
Generally we have observed whole beam self-focussing 
when the laser threshold was above the predicted thres­
hold. No strong evidence of beam break up into multiple 
filaments has been recorded.
To the best of our knowledge these are the first 
results reported where strong evidence of self-focussing 
of a laser pulse in a plasma are compared to theoretical 
models and found to be both qualitatively and quantita­
tively in agreement with the predicted behaviour.
We have estimated the filament diameter to be about
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3 ym when the QSO alone was used and possibly slightly
less when the tailored pulse was employed. The peak
power intensity achieved within the filament was esti-
15 -2mated to be > 10 W cm in the first case and 
18 _ 2<10 W cm in the second.
5.2 Suggestions for Future Work
The number of parameters which affect self-focussing 
is such that the existing computer program could still be 
put to a very fruitful use to predict self-focussing 
behaviour in other possible conditions.
However the program could be improved in a number 
of aspects. A plasma having a density gradient instead 
of a uniform initial density would offer a more realistic 
model, especially in the study of self-focussing in 
plasmas of very light elements where the self-focussing 
threshold is a strong function of the plasma density (cf. 
Figs. 2.6.2 and 2.6.3). Continuous heating of the plasma 
as a consequence of absorbed laser energy and the effects 
of plasma streaming during the pulse propagation through 
it could also be included (however the remarkable agree­
ment between the computer simulations and the experimental 
results suggests that these effects may have only marginal 
consequences in the cases we have studied).
We have used the program to predict only self­
focussing thresholds. A more comprehensive study of the 
filament formation and its propagation would require the 
inclusion of the complete form of the continuity equation,
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of the non-linear absorption coefficient and of effects 
due to localized plasma heating near the filament.
From the experimental point of view, the first 
task would be to make a more extensive use of the tailored 
pulse. The transmitted light diagnostics seem to be, at 
the moment, the more reliable indicator in this case and 
collection of a greater number of data and accurate 
measurement of the transmitted energy, possibly using an 
integrating sphere, should offer a good estimate of both 
the filament size and the peak intensity achieved within 
it. It would be advantageous to reduce the intensity of 
the plasma-forming pulse to values below the self­
focussing threshold so that self-focussing of the main 
pulse alone could be studied. As this would result in 
lower plasma temperatures the problem arises of maintain­
ing absorption to an acceptable level. It is also 
important to determine under which conditions the pondero- 
motive force becomes so strong as to negatively affect the 
filament formation. Our limited tests with the tailored 
pulse have not shown any indication of this happening, but 
further investigation is required. When the tailored 
pulse is used, stimulated Brillouin scattering becomes 
more important due to the hierher .intensity of the main 
pulse and it will be necessary to investigate in greater 
detail the consequences this has on the filament formation.
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In the longer term, time resolved diagnostics should 
be used. These are not currently available in the Depart­
ment but work is in progress to build a high speed X-ray 
streak camera (time resolution 300 ps) and a holographic 
interferometry system for measuring plasma densities with 
a spatial resolution of 1-2 ym and a temporal resolution of 
~ 15 ps.
Time resolved measurements should provide inform­
ation on the development of the self-focussed filament 
which, beside allowing further comparison with the 
theoretical predictions, would also be useful in determ­
ining the optimum temporal position of the main pulse 
with respect to the plasma forming pulse. This will 
probably be the result of a compromise between the time 
most suitable for self-focussing and that of minimum 
absorption.
To conclude it should be noted that the confirmation 
of the existence of self-focussing could have an important 
bearing on many other laser-plasma interaction experiments. 
Of particular relevance to the work of our own laboratory 
is the possible role of self-focussing in producing supra- 
thermal particles in laser-produced plasmas by localised 
heating at the critical surface. It is clear that this 
line of research can be profitably pursued for several
years.
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Abstract. We investigate the possibility of achieving high flux densities by self-focussing a 
laser beam within a plasma. We have performed computer simulations on self-focussing of 
short ( ^  1 ns) laser pulses in high density laser-produced plasmas. Special consideration has 
been given to the role of absorption as it affects the laser-intensity obtained within a self- 
focussed filament.
PACS Codes: 42.65 Hw, 52.40 Db, 52.40 Mj
Self-focussing of laser beams within plasmas has been 
studied theoretically by several authors [1-8] and some 
experimental evidence exists to support the theory [9- 
15]. It may arise as a problem in laser fusion experi­
ments where it is wished to uniformly irradiate a target 
with a laser. In this situation, self-focussing could cause 
filamentation of the beam and loss of the uniformity of 
irradiance. Alternatively, self-focussing is potentially 
an important process as a means of obtaining very high 
laser flux densities in a plasma. The achievement of flux 
densities much higher than those which can be obtained 
simply by focussing the output from a laser with a lens 
should allow non-linear processes such as electron- 
positron pair generation [16] to be studied.
In this paper we consider the use of self-focussing as a 
technique for producing extremely high in-plasma flux 
densities, and in particular evaluate the effect of 
absorption on the intensity levels which can be 
achieved. We have made a detailed study of the 
dependence of the self-focussing thresholds on laser
pulse duration and suggest an optimum form for a laser 
pulse in order to achieve a very high intensity (1018-  
1019W/cm2) within the filament.
Theory and Discussion
The real dielectric constant of an underdense plasma 
may be written in the form £ = 1 — N/Ncr where N  is the 
plasma density and Ncr the cut-off density with Ncr 
=  m(a>2 +  vlff)/4ne2, with veff the effective collision 
frequency. For pulses of nanosecond duration or 
shorter, two mechanisms can contribute to form a 
refractive index gradient in a plasma which is favour­
able to self-focussing. The first mechanism known as 
ponderomotive force self-focussing [1, 2, 6, 8] occurs 
due to the electrodynamic part of the Landau-Lifshitz 
equation which produces a force on the plasma elec­
trons proportional to P<(£2> (where < ) denotes averag­
ing over one optical cycle). Due to the approximately 
Gaussian radial profile of a focussed laser beam
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Fig. 1. Time and space history o f the intensity of a beam which undergoes self-focussing in a plasma. The beam intensity relative to the peak input 
value is shown as a function of propagation distance (x-axis) for times w.r.t. the pulse maximum (f =  0). The full pulse width (e~ 1 intensity) is 20 ps, 
Te = 500eV, and the peak flux density = 4 x 1015 W/cm2
propagating in an initially uniform plasma this causes a 
radial force which acts to eject electrons (and ions 
because of their strong electrostatic attraction to the 
electrons) from the beam centre. The plasma responds 
to this force in a time limited by ion inertia to the order 
of one nanosecond. The resulting perturbation of the 
plasma density causes a spatial variation of the real 
dielectric constant e, with e — 1 on axis and e < 1 off axis, 
thus forming a positive lens-like medium.
The second mechanism arises from the relativistic 
increase in electron mass which occurs due to the 
coherent oscillation of electrons in the field of an 
electromagnetic wave [4—6]. This relativistic mass 
correction modifies the plasma cut-off density such that
N Tcf  = 7V"ronrel( 1 + y<E2>)1/2 with y = 2e2/{m2a>2c2). Once 
again due to the non-uniformity of the beam intensity 
this modification affects the real dielectric constant in a 
manner which is favourable to self-focussing. In com­
parison, however, with the ponderomotive force 
mechanism the relativistic mechanism acts essentially 
instantaneously.
It has been calculated [6] that the laser power required 
to achieve a variation of the refractive index through 
ponderomotive forces is four to five orders of magni­
tude lower than that required for the relativistic 
mechanism. We, therefore, expect the first mechanism 
to dominate for low power (~108W) long (nano­
second) pulses, and the second for picosecond duration
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high power (10lo-10n W) pulses. At intermediate 
powers and pulse durations both mechanisms must be 
taken into account.
We have studied self-focussing in an absorbing plasma 
using a computer model which includes both pondero- 
motive force and relativistic mechanisms. The details of 
this programme have been published elsewhere [14], 
We included absorption via the temperature dependent 
electron-ion collision time in the imaginary part of the 
plasma dielectric constant. Since we are considering 
self-focussing in thick underdense plasmas (propa­
gation distance ~ 100 pm) we made no attempt to 
include “critical density” absorption mechanisms, such 
as resonant absorption, in our calculations. 
Diffraction was also taken into account and the 
dynamic response of the plasma is described by the 
equation
5
I t 2
~ r k T V 2 In —  
M AT
+
e2
M 2mcD“ P2< £2>, ( 1 )
where N 0 is the initial plasma density, N the instaneous 
density, M is the ionic mass and q the ionic charge. The 
three terms in (1) represent ion inertia, hydrodynamic 
pressure and the ponderomotive force.
Examination of (1) shows that the response of the 
plasma to the ponderomotive force becomes nearly 
independent of ionic mass for fully stripped ions, q — Z, 
since the factors (1 +Z)/M  and Z/M are approximately 
equal for most atoms. In these conditions the pondero­
motive force self-focussing thresholds are independent 
of M to a good approximation. For singly ionized 
plasmas the ionic mass strongly affects ponderomotive 
force self-focussing by increasing the plasma response 
time in proportion to J/M. We can deduce, therefore, 
that for short pulses ponderomotive self-focussing 
thresholds for fully stripped ions are independent of M 
whilst for singly ionized ions increase with ionic mass. 
For intermediate ionization states (q < Z ) slight re­
arrangement of (1) shows that in non steady state 
conditions a change in either q or M is equivalent to a 
charge in the response time of the plasma by a factor 
\/M/q.  For example, a reduction in q by a factor of 2 
increases the pulse duration which is required to 
generate the same relative time dependent density 
perturbation by a factor of J/2. This approximate 
relationship can be used to calculate self-focussing 
thresholds for different ionization states when re­
lativistic self-focussing and absorption can be neglec­
t i m e  (ps)
Fig. 2. The beam intensity at the input (a) and output (b) surfaces of 
a 90 pm thick plasma layer. Pulse and plasma parameters are the same 
as for Fig. lb
ted. For most of the computations we have set q — 1 and 
M = 197 (equivalent to a singly ionized gold plasma) 
and the results, therefore, predict self-focussing 
thresholds in a worst-case situation.
We considered a plane wave with a Gaussian profile of 
intensity in time and space propagating in an initially 
uniform plasma. Computations have been made with 
e -1 full width pulse durations between 10 and 1000 ps 
and laser intensities in the range 1012—1017 W/cm2 in a 
beam with initial diameter of 35 pm. The plasma density 
was chosen to be 0.9Ncr and the electron temperatures 
between 100 and 2000 eV. The beam was propagated 
through the plasma for up to 180 pm. The time and 
space history of the beam intensity and diameter and 
the local plasma density were computed allowing the 
behaviour of a beam which undergoes self-focussing to 
be studied.
The effect of absorption on the self-focussing be­
haviour has led us to define self-focussing thresholds in 
a particular way. We consider self-focussing to have 
occurred when the on-axis intensity within the filament 
emerging from a plasma after a fixed propagation 
distance exceeds the instantaneous input value by one 
order of magnitude. It will be seen that due to the finite 
time response of the plasma to the ponderomotive 
forces, the instant during the pulse at which self­
focussing occurs will vary as a function of the various 
plasma and beam parameters. In order to achieve very 
high self-focussed laser flux densities which exceed the 
maximum input value to the plasma, it is necessary for
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Fig. 3a—d. The time delay (At) relative to the peak of the input pulse (r =  0) at which self-focussing occurs as a function of laser flux density. The 
pulse duration is 20 ps in (a) and (b), and 100 ps in (c) and (d). Plasma thickness is 180 pm in (a) and (c) and 90 pm in (b) and (d). Curves are shown for 
a non-absorbing plasma with Te =  500 eV (a),  and including absorption with 7e =  2000eV (b) ;Te=  lOOOeV (c) ; Tr =  500 eV (d),Te=  lOOeV (e)
self-focussing to occur near the peak of the laser pulse. 
We therefore define the efficient self -focussing threshold 
as the laser intensity required for self-focussing to occur 
at the peak of the laser pulse. If this threshold is 
exceeded then we expect to achieve an observable effect 
in the plasma, such as localised heating, caused by the 
filamentation of the beam.
Typical output data from the computer is shown in Fig. 
1. Here we plot the on-axis beam intensity relative to the 
peak input intensity as a function of propagation 
distance through the plasma for different times during 
the pulse. The peak laser intensity was 4 x 1015 W/cm2 
and the pulse duration 20 ps. Times are shown in 
picoseconds relative to the pulse peak (r = 0). The two
cases represent results where absorption is neglected 
(Fig. la) and included (Fig. lb) for an electron tempera­
ture of 500eV. Although the results show that self­
focussing occurs in both cases, in the latter no enhance­
ment over the input intensity of the beam occurs 
because of absorption as the beam propagates through 
the plasma.
In Fig. 2 we illustrate the effect of the slow time 
response of the ponderomotive force self-focussing 
mechanism and also absorption by plotting the beam 
intensity as a function of time at both the input and exit 
surface of the plasma. The beam and plasma parame­
ters were the same as for Fig. lb. Although self­
focussing, according to our definition, occurs about
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15 ps after the peak of the pulse, at no time does the in- 
filament intensity exceed the peak input value. In this 
case the threshold for efficient self-focussing has not 
been exceeded.
The graphs of Fig. 3 are used to determine the efficient 
self-focussing thresholds. Here we plot the time delay 
(At) relative to the peak of the input pulse (r = 0) at 
which self-focussing occurs as a function of various 
beam and plasma parameters. The curves show some 
general features which are worthy of note.
For short pulses, approximately 20-50ps, the self­
focussing threshold is very well defined because of the 
steepness of the left-hand side of the Curves 3a, 3b. For 
these short pulses the relativistic mechanism dominates 
the self-focussing behaviour and, because of the mecha­
nisms fast time response, filamentation occurs at the 
peak of the pulse once the threshold is exceeded. For 
longer pulses the competition between relativistic and 
ponderomotive force mechanisms causes a flattening of 
the left-hand side of the curves. The threshold for 
efficient self-focussing can be seen to be a strong 
function of the parameters of pulse duration and 
electron temperature. A decrease in the plasma electron 
temperature causes an increase in the efficient self­
focussing threshold reflecting the dominant role of 
absorption in determining the in-filament flux density. 
Figure 4 illustrates this point for two different pulse 
durations of 20 and 100 ps. In both cases the threshold 
increases rapidly for Te <  500 eV. This behaviour differs 
from that predicted for steady-state ponderomotive 
force self-focussing in the absence of absorption [6,15]. 
In that situation an increase in the plasma temperature, 
and hence a proportional rise in hydrodynamic pres­
sure, increases the critical power for self-focussing [6]. 
In our calculations with short pulses, which represents a 
situation far removed from the steady-state, and where 
relativistic effects are included, a variation in plasma 
temperature in the absence of absorption has been 
found to have only a marginal effect on the self­
focussing thresholds. In view of this we have examined 
the variation in the on-axis plasma density when a 
nanosecond pulse propagates through a non-absorbing 
plasma at different temperatures. As expected from the 
steady-state model the maximum perturbation of the 
on-axis plasma density is reduced substantially at high 
plasma temperatures. However, it should be noted that 
this maximum perturbation occurs long after self­
focussing has occurred [17] and hence it is the initial 
growth of the density perturbation, not its maximum 
value, which affects the self-focussing behaviour. Our 
results suggest that the initial growth is not strongly
20  001 5 0 010  0 0
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Fig. 4. The efficient self-focussing threshold in an absorbing plasma 
as a function of electron temperature for two different pulse 
durations
affected by plasma temperature, but detailed discussion 
of this point is outside the scope of this paper.
A comparison of the self-focussing thresholds for singly 
and fully ionized gold plasmas is given in Fig. 5. The 
electron temperature was held at lOOOeV for pulse 
durations of 20 and lOOps. An increase of 79 in ionic 
charge results in about an order of magnitude decrease 
in the self-focussing thresholds. It should be noted also 
that an increase in q raises the absorption coefficient 
(K') of the plasma by the relation
K'ozqN2eT ~ 312. (2)
This modifies the temperature dependence of the 
efficient self-focussing threshold by raising the tem­
peratures at which the threshold is enhanced by the 
absorption.
We have already noted that the self-focussing be­
haviour is a strong function of pulse duration through 
the ponderomotive force mechanism. We, therefore, 
investigated the details of this effect and the results are 
presented in Fig. 6. Here the efficient self-focussing 
thresholds for propagation distances of 90 pm and 
180 pm through both a singly ionized and fully ionized
(
w
/
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r
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Fig. 5A and B. The time delay (At) relative to the peak of the pulse 
(t = 0) at which self-focussing occurs as a function o f laser intensity, 
pulse duration and ionization state q. (A) tp =  20 ps, (B) tp =  100 ps, Te 
=  lOOOeV,solid lines for q =  1,dashed linesq =  79. The pairs of curves 
are for 180 pm (a,b) and 90 pm (a',b') propagation distances
16
1000
t p( ps )
Fig. 6. The efficient self-focussing threshold is in Watts/cm2 as a 
function of pulse duration for a plasma with Te— lOOOeV. For curves 
“a” the propagation distance is 90 pm and for curves “h” 180 pm. The 
solid line shows the function for q =  1 and the dashed line for q =  79
gold plasma are plotted as a function of pulse duration. 
The curves have a similar shape showing constant 
intensity thresholds for very long and very short pulses 
with a transition region between the extremes for 
intermediate durations. This behaviour is characteristic 
of the competition between the two self-focussing 
mechanisms. For very short pulses the relativistic 
mechanism dominates leading to a constant intensity 
threshold essentially independent of q and M for the 
same conditions of plasma temperature and density. 
For very long pulses the ponderomotive force pre­
dominates giving rise to lower threshold values which 
are independent of pulse duration tp as the plasma 
response becomes fast compared with tp. In steady- 
state conditions the plasma response can be calculated 
by neglecting the time derivative in (1) leading to
N = N 0 exp( —/?<£2»  (3)
with
ß = 4 ^ k f  fOT
and
P= 2mSkT f° r  « * ' •
In this region, neglecting absorption, the self-focussing 
threshold is independent of the ionic mass and increases 
in proportion to plasma temperature. It can be seen 
from Fig. 6 that for partially ionized high-Z plasmas the 
transition from relativistic to ponderomotive force self­
focussing occurs for pulse durations of about 10-20 ps. 
In this intermediate region the thresholds for partially 
ionized plasmas can be calculated by transposing the 
curves along the time axis in proportion to q~lil, as 
discussed previously.
Our computational results allow the conditions to be 
defined in which high intensity self-focussed filaments 
might be generated in an experimental situation. The 
ultimate intensity that would be achieved in a filament 
of width comparable with the wavelength of the laser 
radiation is limited by the available laser power. Thus, 
to achieve intensities of > 1019W/cm2 with 1pm 
radiation peak laser powers >100 GW would be re­
quired. With current laser technology these powers can 
only be obtained from medium-size neodymium lasers 
in short pulses ~  25-250 ps. At these durations the self­
focussing thresholds are around 1015 W/cm2.
Our results place several restrictions on the plasma 
parameters. Firstly low’ plasma absorption is necessary
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which restricts the electron temperature to above about 
500 eV. Temperatures in this region have been mea­
sured in several laboratories for typical laser-produced 
plasmas [18]. Secondly propagation lengths of 
~ 100 pm in plasma with density ~0.9Ncr are required. 
This implies plasma density scale lengths of 100 pm or 
more. For the case of nanosecond pulses such scale 
lengths have been observed [19] whilst for picosecond 
pulses the limited duration of the pulses and limited 
plasma expansion velocity leads to much smaller 
values.
These considerations suggest that self-focussing may be 
most easily achieved by irradiating a target by a low 
intensity nanosecond laser pulse w'ith a high intensity 
picosecond pulse superimposed upon it. The low in­
tensity pulse serves to form the hot extended plasma in 
which the high intensity pulse undergoes self-focussing.
Conclusion
In conclusion, we have presented results of a computer 
study of self-focussing effects in plasmas which suggest 
that high intensity filaments should be obtainable in 
typical laser-produced plasmas. The results give pre­
dicted threshold values within a range which can be 
easily obtained with current lasers The role of absorp­
tion has been shown to be important in determining the 
in-filament flux density and hence the thresholds for 
efficient self-focussing.
It must be noted that we have treated here only the 
situation of whole-beam self-focussing where all the 
laser power becomes concentrated into a single fila­
ment. It has been demonstrated for solids [20] small
scale beam break-up into multiple filaments could also 
occur, and this would significantly reduce the in­
filament intensities produced.
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Abstract. Using a numerical code we have studied self-focussing of an intense laser beam 
which is propagating through a multiply-ionized absorbing plasma. The efficient self­
focussing threshold has been calculated as a function of various pulse and plasma 
parameters.
PACS: 42.65 Hw, 52.40 Db. 52.40 Mj
In a previous article [1] we discussed the use of self­
focussing of a laser beam in a plasma as a technique for 
generating high flux densities within that plasma. For 
this purpose we defined the ‘'efficient self-focussing” 
(esf) threshold as the laser intensity required to achieve 
a ten-fold enhancement of the on-axis intensity within 
the filament over the peak input intensity after the 
pulse traversed a plasma layer of a given thickness. We 
examined the dependence of this threshold on various 
pulse and plasma parameters but restricted our treat­
ment to the case of a plasma which was only singly- 
ionized. In this paper we examine the effect of an 
increased ionic charge on the self-focussing behaviour 
which becomes modified because of the charge de­
pendence of both the ponderoinotive force and absorp­
tion by the inverse Bremsstrahlung mechanism.
Theory
The degree of ionization of a plasma effects both the 
response time and the steady-state effectiveness of the 
ponderomotive force mechanism which can be re­
sponsible for self-focussing of a laser beam within a 
plasma. The ponderomotive force induces self- 
focussing by causing a redistribution of the plasma
electrons, thereby effecting the refractive index profile 
of the plasma [1]. However. Debye coupling of the 
electrons and ions makes it ncecessary that such a 
macroscopic perturbation in the electron density be 
accompanied by a corresponding variation in the ion 
density and hence, in non steady-state conditions, it is 
the ionic mass which governs the rate of growth of 
these density perturbations.
A change from singly to g-fold ionized plasma for a 
particular atim results in the Coulomb force acting on ]u 
each ion being increased by a factor of q (assuming 
charge neutrality) and. therefore, the response time of 
the plasma to the ponderomotive force is reduced. This 
is shown quantitatively by examination of the fluid 
equations below.
Die _ -  eEes _  k T. grad i\'e 
Dt in m At.
+ vJ l\ -  r , ) -  grad <L': >. (1)2n rw
/->U = £ ^  
Dt M
k'l] grad Ah
M Lv, ( 2 )
The final term in (1) represents the ponderomotive 
force which can be neglected for the ions. Eqs. (1) and
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(2) can be combined using t t. = r, [3], Nc = qNt and 
[ 1()]- gradAb A', = grad A\, A> to give
Lhc
Dt
11 + q) grad A
" M kT‘ \ 7 J gradO T < £ l > (3)
and then
=  « L t5 l< .7 T - lnM
q e2 
M 2mco2
f2<e 2>. (4)
Here Nt. and Nf are the electron and ion densities, 
respectively. Ar0 is the initial electron density. l\ .  ve are 
the electron and ion fluid velocities T=Te = 7j is the 
plasma temperature, q the ionic charge, m and M are. 
respectively, the electron and ion masses, Ees is the 
electrostatic field, and <E2> is the electric field of the- 
laser of frequency o> averaged over one cycle. The ionic 
charge q is measured in number of elementary charges.
For q -  1 (3) and (4) reduce to [Ref. 3. Eqs. (3) and (5)]. 
For laser pulses much longer than the plasma response 
time, the solution to (4) approaches the steady-state 
situation, where the time derivatives can be neglected. 
We then obtain, for a plasma with an initially uniform 
density
'5)
It should be noted that (5) stiP includes terms de­
pendent on the ionic charge q. For q — 1 (5) reduces to 
the well known formula for steady-state pondero- 
motive force self-focussing [2-4] but for q^ > 1 the 
pondcromotive force coefficient ß
q c2
1 ~{q + l) 2liüö*kf (6)
increases by a factor of two over the previous values. 
This occurs because of a reduction in the contribution 
to the hydrodynamic pressure from the ions as, under 
charge neutrality condition (Ni = Ne q), the ion num­
ber density is reduced with increasing q. From exam­
ination of (4) it can be seen that, when q-r 1 ^ q, the 
plasma response time decreases by a factor of approxi­
mately }/1 ,’q.
The ionic charge also increases the plasma absorption 
coefficient k. For inverse Bremsstrahlung absorption 
we find that
k x  N~qT ~ 3 2 (7)
which results in a linear increase in k with q which 
would be expected to substantially increase the esf 
threshold. It can be seen, therefore, that an increase in
ionic charge will considerably effect the self-focussing 
behaviour by tending to reduce the esf thresholds 
because of the increased effectiveness of the pondero- 
motive force, whilst, at the same time, tending to 
increase esf thresholds due to stronger absorption. The 
esf thresholds are therefore complex functions of elec­
tron density, ionic charge, ionic mass, pulse duration 
and plasma temperature. In the following sections we 
describe results of computations where we have stu­
died the effect of these parameters on self-focussing of 
short pulses from a neodymium laser in t^ypical labo­
ratory plasmas which can be generated by a laser.
Computer Simulations
We have performed a number of computer calcu­
lations intended to give a picture of the behaviour of 
the esf threshold in some interesting cases. The pro­
gramme used is a slightly modified version of that 
described in [3], It includes the ponderomotive force 
and relativistic self-focussing mechanisms and the ef­
fects of diffraction and absorption. Absorption, how­
ever. is now included using the expression for inverse 
Bremsstrahlung [5]: that is.
'2n(niekB)3 2
( 8 )
where ;/ is the plasma refractive index and q the Gaunt 
factor [6] evaluated as
q = 1.2695(7.45 + log Te -  -J logN,). (9)
Since we are interested only in determining the thresh­
old value for self-focussing no attempt has been made 
to include expression for nonlinear absorption applica­
ble to very high laser intensities [7], However, once 
self-focussing has occurred the intensity in the filament 
causes the electron quivering velocity rcrel
t erel = ----- ( -  25/. | 7 CIU S)
mecj
(10)
to become greater than the electron thermal velocity vT 
— I 7.'flT.'nte. in this situation an expression of the type 
[8]
k(o)E)y.N'.S'trE- 3 (11)
should be substituted for (8).
In these calculations we have propagated a beam with 
a Gaussian intensity profile through an initially un­
iform. dense, extended, hot plasma slab 18()pm thick. 
We have assumed a constant plasma temperature of 
1 k e \. The cases considered are of neodymium laser 
pulses of duration between about 10ps and 1 ns (full 
width at e~ 1 of maximum) propagating in fully or
Laser Beam in a Multiply Ionized. Absorbing Plasm. 3
ionic charge
Fig. 1. Esf threshold as a function of ionic charge for pulses of 
different duration; A; rr = 10p s. B; fp~100ps. C: fr =  500p$. (The 
plasma parameters are element; caerbon; electron temperature.
1 keV ; electron density: 8 x I0:o cm "3, thickness of the plasma slab: 
ISO pm)
partially ionized deuterium, carbon and aluminum 
plasmas at densities in the range 0.1 to 0.95 ncr (critical 
density = 1021 cm-3 ).
Results
We firstly illustrate the competitive roles of absorption 
and the ponderomotive force in determining the self­
focussing behaviour by plotting esf thresholds as a 
function of ionic charge and pulse duration for a 
carbon plasma. In Fig. la the pulse duration is 10 ps in 
Fig. lb it is lOOps and in Fig. 1c it is 1 ns. In the first 
case the pulse is so short that the ponderomitive force 
is not very effective for any ionization state and tide 
relativistic self-focussing mechanism dominates. In this 
case an increase in q causes a monotonic increase of esf 
threshold, reflecting the dominant role of absorption. 
In Fig. lb the self-focussing behaviour is governed
Fig. 2. Esf threshold us a function of pulse duration for different 
decrees of ionization (a; q -  \: b; i/ =  7: c: f/ =  13). The plasma is 
aluminum. The other piasma parameters are the same as in Fig. 1
entirely bv the ponderomotive force but steady-state 
conditions are not estblishcd. In this case therefore, 
increased effectiveness of the ponderomotive force 
causes a reduction in threshold with increasing ionic 
charae, until for q> 3 this increased effectiveness is 
swamped by increased plasma absorption which then 
leads to a rising threshold. In Fig. lc once again the 
ponderomotive force is dominant but this time steady- 
state conditions are reached even it the plasma is 
/singly ionized and the degree of ionization only 
increases the level of absorption and hence the esf 
thresholds.
Figure 2 emphasises the effect of pulse duration on esf 
thresholds in an aluminum plasma for different degrees 
of ionization. The steady-state condiions are characte­
rised by a time-independent threshold. 1 he pulse du­
ration for which these are reached is a function ol q. 
being less than 200 ps for q = 13 (curve c) and > 1 ns for 
q — f  (curve a) illustrating the more rapid plasma
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Fig. 3. Threshold for esf in an hydrogen plasma calculated as a 
function of the plasma relative electron density for two different 
pulse durations: a: rp=  lOOps: b: rp = 20ps: electron temperature 
and plasma size are the same as in Fig. 1
response time for the highly ionized plasmas. 
Furthermore, for very short pulses curve (a) shows the 
onset of a second time independent region where 
relativistic ojf-focussing dominates the behaviour. 
This has been demonstrated in the previous paper [1] 
fora singly ionized gold plasma where relativistic self­
focussing causes the esf threshold to reach a constant 
level for pulse durations below 20 ps. In the cases (b) 
and (c) shown in Fig. 2 the ponderomotive force 
mechanism is completely dominant right down to 
pulses of 10 ps duration.
We have examined the dependence of esf threshold on 
the plasma density (throughout this article we measure 
the plasma electron density relative to the critical 
density for neodymium laser radiation ~1021cm-3). 
In the simplest case of a hydrogen plasma where the 
ratio q M is the highest of all materials and hence the 
response time of the ponderomotive force is a mini­
mum, and for which the absorption coefficient is also a 
minimum since q = 1. an increase in plasma density 
results in a monotonic decrease in esf threshold (Fig. 
3). The same behaviour is Observed for the case of a 
singly ionized material of higher atomic number such 
as aluminum (curve a. Fig. 4). However, an increase in 
the degree of ionization changes this behaviour as once 
more the competition between the self-focussing mech-
r e l a t i ve  dens i ty
Fig. 4. Esf threshold vs. relative electron density of an aluminum 
plasma calculated for different degrees of ionization: a: </= 1 : b: q 
= 7; c: q — 13. Other plasma parameters are the same as in Fig. 1. 
The pulse duration is lOOps
r e l a t i v e  d e n s i t y
Fig. 5. Curve a: plasma refractive index (n) as a function of plasma 
relative electron density. Curve b: relative change in the refractive 
index caused by a decrease of 0.1 N cr in the electron density, plotted 
as a function of the plasma initial relative density
anism and absorption occurs as the density is in­
creased. The monotonic decrease in esf threshold 
illustrated in F'igs. 3 and 4a is due to the fact that for a 
singly ionized plasma the absorption remains com­
paratively low even at high densities. Therefore, the
(W
cn
T
*)
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Fig. 6. F.sf threshold vs. pulse duration for various fully stripped 
plasmas and different electron densities. The relative electron density 
is 0.3 in Fig. 6 a ; 0.6 in Fig. 6b ; and 0.8 in F ig. 6c. Curves a and a' are 
sample curves computed, respectively, for fully stripped plasmas 
with Z p l  and Z =  1. neglecting absorption. Curve b refers to a 
deuterium plasma. Curve c refers to a carbon plasma. Curve d refers 
to an aluminum plasma. Temperature and propagation distances are 
the same as in FTg. 1
same density variation causes a greater variation in the 
plasma refractive index because of its stronger de­
pendence on density for values approaching the critical 
density (Fig. 5).
For higher ionization states the absorption is no 
longer small and in some circumstances the increase in 
absorption with plasma density more tjan offsets the 
more sensitive dependence of the plasma refractive 
index to small density perturbations. Figures 4b and c 
illustrate this point. In the case of fully stripped 
aluminum (Fig. 4c) the threshold is nearly constant 
over a wide range of densities and even for c/ —7 (Fig. 
4b) the threshold only changes by about a factor of two 
for h/f/r increased from 0.1 *to 0.9. This result implies 
that in many circumstances the calculations we have 
performed for a uniform plasma slab are applicable to 
a more easily attained experimental situation where, 
for example, the plasma density increases linearly with 
propagation distance.
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In an experimental situation the degree of ionization 
will be determined by the plasma temperature and its 
temporal history. Our programme presupposes the 
existence of a plasma of density ans size such as can be 
obtained by irradiating a target with a nsec duration 
laser pulse, proceeding the pulse which is expected to 
self-focus (self-focusing of a short pulse in the plasma 
itself has produced would require much higher power 
densities, since, because of the limited pulse duration, 
this plasma would have dimensions much smaller than 
those postulated in this paper). For long pulses it is 
justifiable to use the Coronal model, which in the strict 
sense is only applicable to steady-state conditions, to 
calculate the average ionization state of the plasma. 
Shearer and Barnes [9] derived the following empirical 
formula to calculate q as a function of the plasma 
electron temperature T, HkeV] and the atomic num­
ber Z
q~26 ( £
\i + 126 Z)27 ( 12)
Using (12) we can deduce that, at a temperature of 
1 keV, materials such as carbon, aluminum, etc. will be 
almost fully stripped. It is instructive, therefore, to 
investigate how the esf threshold varies for different 
fully stripped materials. These results are shown as a 
function of pulse'duration in Figs. 6a. b and c. The 
materials are deuterium (b). carbon (c) and aluminum 
(d). Curves (a), (a') represent sample calculations for 
absorption neglected, with (a) for q = Z, (</+ 1)/M%5, 
and (a') for c/ = Z —1. M = 2. These latter curves illus­
trate the difference of a factor of 2 in the steady-state 
jresholds with absorption neglected, as pointed out 
before. An interesting situation arises when absorption 
is taken into account. At low densities (Fig. 6a), 
absorption for deuterium is negligible (curve b coin­
cides with curve a') while it has a noticeable effect for 
higher atomic number materials such as aluminum, for 
which the esf threshold is raised by about 30%. 
Therefore, for pulse durations much shorter than those 
required to achieve a steady state behaviour, the 
threshold for aluminum is slightly higher than that for 
deuterium, while for long pulses it is slightly lower. As 
the plasma density, and hence absorption, is increased, 
however (Figs. 6b, c), the threshold becomes always 
lower for lower atomic number plasmas. A com­
parison between Figs. 6b and c illustrates the complex 
relationship between esf threshold, plasma density, and 
ionic charge. The curves a and a' indicate a sharp 
decrease of the self-focusing threshold, for increasing 
plasma density for the reasons outlined before.
The same behaviour is exhibited by curve b, since 
absorption in deuterium is always low . In the case of a 
carbon plasma (curve c) the threshold decreases only 
marginally once the relative density increases over 0.6. 
while in the case of the highly charged, strongly 
absorbing aluminum the threshold increases (cf. Fig. 4, 
curve c).
In order to achieve self-focusing, it appears from Fig. 6 
that carbon is a very good target material for most 
values of the plasma density and the pulse duration.
Conclusion
Self-focussing of a laser beam in a plasma is affected by 
the plasma degree of ionization which acts both on the 
ponderomotive force and on the absorption coefficient. 
Consequently it is possible to bring the response time 
of the plasma to the former well into the sub­
nanosecond range.
Because of the increasing adverse effedet of absorption 
with increasing plasma density, it is found that de­
pendence of the esf threshold on plasma density is 
strongly reduced for plasmas having an ionic charge of 
6 - 12.
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poiinting out that we neglected to stress that in deriving (4) we have 
used the linearised form of the continuity equation which can only 
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perturbed by the laser beam. i.e. A X <? .Y0. In our conditions the 
maximum density change required to initiate self-focussing is only 
about 5°o in worst case conditions and in general much lower than 
this value.
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